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PREFACE TO THIRD EDITION 


Laboratory and field data on high voltage phenomena have 
been considerably extended and consequently the mechanism 
of many of the phenomena has become better understood since 
the second edition of this book. For this reason, it seemed 
desirable to make a thorough revision at this time and to add 
the most recent material. 

The new material includes the results of recent studies of 
corona, extensive investigations of the impulse breakdown of 
gases and insulation, the breakdown of solid and liquid insulation, 
and the sparkover voltages of different gaps and insulators at 
very high voltage. 

In view of the growing importance of lightning to engineers, 
a separate chapter has been devoted to that subject, and a vast 
amount of knowledge, accumulated in the field and laboratory 
since the previous edition, is included herein. 

Care has been taken to present the results of experiment 
and formulae in such a way they can be directly applied to the 
design of apparatus, transmission lines, etc. 

The valuable assistance of Dr. J. T. Lusignan, Jr. in making 
this revision is acknowledged. 

F. W. PEEK, JR. 


PITTSFIELD, Mass. 
September, 1929. 


PREFACE TO FIRST EDITION 


It is the object of the author to give in this book the properties 
of gaseous, liquid, and solid insulations, and methods of utilizing 
these properties to the best advantage in the problems of high- 
voltage engineering. Such problems require a knowledge, not 
only of the laws and mechanism of breakdown of dielectrics as 
determined by experiment, but also a simple working knowledge 
of the dielectric circuit. 

Methods that have proved useful in designing apparatus, 
transmission lines, insulators, bushings, etc., are discussed and 
illustrated by practical application. In addition, such subjects 
as the manner of making extensive engineering investigations 
and of reducing data, the measurement of high voltages, the 
effects of impulse and high-frequency voltages, methods of draw- 
ing dielectric fields, outline of modern theory, various dielectric 
phenomena, ete., are considered. In all cases where laws and 
discussions of dielectric phenomena are given, it has been thought 
best to accompany these with experimental data. 

Much original work is given, as well as reference to other 
investigations. The author’s extensive research was made possi- 
ble by facilities afforded by the Consulting Engineering Depart- 
ment of the General Electric Company, for which acknowledg- 
ment ismade. Thanks are due Mr. H. K. Humphrey, and others 
who have greatly assisted in the experiments and calculations. 

FO Wilke: 


Scuenecrapy, N. Y., 
April, 1915. 
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Electromotive force, volts e volts 


Gradient g = — volts/em. 


ka 
ue 
Permittance or capacitance or kKA kA 
= — = == —14 
eapeciay Cc . 8.84 = 10~*4 farads 
Permittivity or specific capacity 


relative k (k = 1 for air) 


9 
absolute (air) K = nee 8.84 10714 farad em.3 
4rv? 
1 
Elast s 
astance S a 
Elastivity cae 
Flux, displacement 0 Ca “ coulombs (or lines of force) 
Flux density, D = kKg flux or displacement per cm.? 
Intensity F (unit not used in text) 
2 
Stored energy ie = oe joules 
F gD. 
Energy density Wo = “> joules per cm. 
Permittance or capacity current i, = a =C e amps. 
Permittance or capacity current i, = 27fCe amps. for sine wave 
“ : : 1 1 1 1 
Permittance in series Ca, ae C, = C, 
Elastance in series S=8,+ 82+ 8; 
Permittance in multiple C=C,4+¢C.4+ C3 
: : 1 1 1 1 
Elastance in multiple peer ar 3 Sipe S 


v = velocity of light = 3 X 10!° cm. per second 
x% =spacingem. A = area in sq. cm. 


Nors.—For non-uniform fields e, x, etc. are measured over very small distances and become 


; aes d 
de, dz, etc. Then the gradient at any point isg = a etc. 
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SYMBOLS 


The following is a list of the principal symbols used. The use given 


first is the most general one. The meaning is always given in the text for 
each individual case. 


A area in square centimeters, constant 
A’,A’, flux foci or flux centers 


a distance, constant 
b barometric pressure in centimeters, constant, distance 
C permittance or capacity 
C,,r, permittance between points 71 r2 
C, permittance to neutral 
c constant, distance 
D dielectric flux density 
d distance, constant 
e voltage 
€, voltage to neutral 
€,r, Voltage between points ri re 
€p voltage to point p 
€,visual critical corona voltage 
€, disruptive critical corona voltage 
ea disruptive critical corona voltage for small wires 
e, spark-over voltage 
f frequency, 
f, fi, fo coefficients used in reducing average gradient 
mum—see page 27 
F constant (sometimes used for dielectric field intensity) 
g, G gradient 
g gradient volts per centimeter or kilovolts per centimeter 
g gradient volts per millimeter for solid insulations 
J» visual critical gradient 
Jo disruptive critical gradient 
ga disruptive critical gradient for small wires 
Jmar Maximum gradient—see note below 
gs spark gradient 
Ja gradient at point a 
h constant, height 
2 current amperes 
K dielectric constant for air 


9 
K= aoe 3 = 8.84 X 10-"4 farads per cm.* 
4rv 


k relative permittivity (4 = 1 for air) 
L inductance 
l length, thickness 
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to maxi- 
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M constant 
m ordinate of center of line of force 
m mass 
My, M irregularity factor of conductor surface 
N neutral plane 
nm number 
O center point 
P point 
p power loss 
q constant 
r radius of wires or cables 
R radius of spheres, of outer cylinder 
r resistance 
S, s spacing between conductor centers 
iS’ distance between flux foci 
S elastance—see page 11 
t temperature, thickness 
T time 
v velocity of light in em./sec. = 3 X 10%? 
v velocity 
w, magnetic stored energy 
we dielectric stored energy 
w weight 
X, x centimeter spacing between conductor surfaces, thickness, 
coordinate of a point 
Zi, L2 distance 
y coordinate of point 
z distance from the center of a conductor or an equipo- 
tential circle to flux foci 
a constant 
8 constant 
6 relative air density 
A> difference of two sum 
« base of natural log 
W dielectric displacement or dielectric flux 
@ magnetic flux 
¢ angle, function 
6 angle 
o elastivity 
> sum 
x= sum of two sums 
w resistance 
mm. millimeter 
cm. centimeter 
= approximately equal to 


Note that voltages in measured data are often given to neutral; in such 


cases the single-phase line to line voltages are twice (2), and the three-phase 
(symmetrical) 1/3 times, these values. 
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Permittances or capacities are also frequently given to neutral because 
it is a great convenience in making calculations. 

The subscript max. is often used to distinguish between the maximum and 
root mean square or effective. This is done because insulation breakdown 
generally depends upon the maximum point of the wave. Such voltages 
may be reduced to effective sine wave by dividing by 1/2. Sometimes 
when the maximum gradient is referred to it means the gradient at the 
point in the field where the stress isa maximum. ‘These references are made 
clear in the text for each individual case. 

Tests were made on single-phase lines unless otherwise noted. 

Views or theories advanced by the author are always accompanied by 
sufficient experimental data so that the reader may form conclusions 
independently. 


DIELECTRIC PHENOMENA 


CHAPTER I 
INTRODUCTION 


It is our work as engineers to devise means of transmitting 
energy electrically, from one point to another point, and of con- 
trolling, distributing, and utilizing this energy as useful work. 
Conductors and insulating materials are necessary. Trans- 
mission problems are principally problems of high voltage and, 
therefore, of dielectrics. In order that energy may flow along a 
conductor, energy must be stored in the space surrounding the 
conductor. This energy is stored in two forms, electromagnetic 
and electrostatic. The electromagnetic energy is evinced by the 
action of the resulting stresses, for instance, the repulsion 
between two parallel wires carrying current, the attraction of a 
suspended piece of iron when brought near the wires, or better 
yet, if the wires are brought up through a plane of insulating 
material, and this plane is dusted with iron filings and gently 
tapped, the filings will tend to form in eccentric circles about the 
conductors. These circles picture the magnetic lines of force 
or magnetic field in both magnitude and direction. This field 
only exists when current is flowing in the conductors. If now 
potential is applied between the conductors, but with the far 
ends open circuited, energy is stored electrostatically. The 
resulting forces in the dielectric are evinced by an attraction 
between the conductors; a suspended piece of dielectric in the 
neighborhood is attracted. If the conductors are brought 
through an insulating plane as before, and this is dusted with a 
powdered dielectric, as mica dust, the dust will tend to form in 
ares of circles beginning on one conductor and ending on the 
other conductor (see Fig. 1(a) and (b)). The dielectric field 
is thus made as tangible as the magnetic field. Figure 1(c) is an 
experimental plot of the magnetic and dielectric fields. Figure 
1(d) is the mathematical plot. Figure 1(c) represents the mag- 
netic and dielectric fields in the space surrounding two conductors 
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which are carrying energy. The power is a function of the 
product of these two fields and the angle between them. In 
comparing Figs. 1(c) and (d) only the general direction and rela- 
tive density of the fields at different points can be considered. 
The actual number of lines in Fig. 1(c) has no definite meaning. 
The dielectric lines of force in Fig. 1(d) are drawn so that one- 


e FTL = 
WG 


teas tae yf “ os 
: a NAL py faa 
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Fie. 1(a).—A photograph of a mica-filing map of the dielectric lines of force 
between two cylinders. 


Fia. 


about two cylinders, 


twenty-fourth of the total flux is included between any two 
adjacent lines. Due to the dielectric fields, points in space 
surrounding the conductors have definite potentials. If points 
of a given potential are connected together, a cylindrical surface 
is formed about the conductor; this surface is called an equi- 
potential surface. Thus, in Fig. 1(d), the circles represent 
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equipotential surfaces. As a matter of fact, the intersection of 
an equipotential surface by a plane at right angles to a conductor 
coincides with a magnetic line of force. The circles in Bier ica). 
then, are the plot of the equipotential surfaces and also of the 
magnetic lines of force. The equipotential surfaces are drawn 
so that one-twentieth of the voltage is between any two surfaces. 


Fig. 1(c).—A photographic superposition of Fig. 1(a) and (6) representing 
the magnetic and dielectric fields in the space surrounding two conductors which 
are carrying energy, 


PS eee eee : Ae ee 
Fia. 1(d).—A mathematical plot of fields shown in Fig. 1(c). 


For example: If 10,000 volts are placed between the two con- 
ductors, one conductor is at +5000 volts, the other at —5000 
volts. The circle (© radius) midway between is at 0. The 
potentials in space on the different equipotential surfaces, starting 
at the positive surfaces, are +5000, +4500, +4000, +3500, 
+3000, +2500, +2000, +1500, +1000, +500, 0, —500, 
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—1000, —1500, —2000, —2500, 3000, 3500, —4000, 
—4500, —5000. A very thin insulated metal cylinder may be 
placed around an equipotential surface without disturbing the 
field. If this conducting sheet is connected to a source of poten- 
tial equal to the potential of the surface which it surrounds, the 
field is still undisturbed. The original conductor may now be 
removed without disturbing the outer field.+ 

The dielectric lines of force and the equipotential surfaces are 
at right angles at the points of intersection. The dielectric lines 
always leave the conductor surfaces at right angles. The 
equipotential circles have their centers on the line passing through 
the conductor centers, the dielectric force circles have their 
centers on the neutral line. 

Energy does not flow unless these two fields exist together— 
for instance, if the dielectric field exists alone it is aptly spoken 
of as ‘‘static.” 

The energy stored in the dielectric fields is 

eC 

oo 
where e is the voltage and C a constant of the circuit called the 
permittance (capacity) and the energy stored in the magnetic 
field is 

PL 

Oy. 
where 7 is the current and L is a constant of the circuit called the 
inductance. 

The energy stored in the dielectric circuit is thus greater for 
high voltage, and in the magnetic circuit for high currents. 

When energy was first transmitted, low voltages and high cur- 
rents were used. The magnetic circuit and magnetic field in this 
way became known to engineers, but as little trouble was had 
with insulation, the dielectric field was, therefore, not generally 
considered. If insulation broke down, its thickness was increased 
without regard to the dielectric circuit. 

A magnetic circuit is not built in which the magnetic lines are 
overcrowded in one place and undercrowded in another place— 
in other words, badly out of balance. Since voltages have 
become high it is of great importance to proportion properly the 
dielectric circuit. Although an unbalanced magnetic field may 


‘Plots made by the author and first published in the G. E. Rev., Vol. 
XVII, p. 1186, 1914. 
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mean energy loss, an unbalanced or too highly saturated dielec- 
tric field will mean broken down insulation. 

The dielectric and magnetic fields may be treated in a very 
similar way.' For instance, to establish a magnetic field a mag- 
netomotive force is necessary; to establish a dielectric field an 
electromotive force is necessary. If in a magnetic circuit the 
same flux passes through varying cross-sections, the magneto- 
motive force will not divide up equally between equal lengths of 
the circuit. Where the lines are crowded together, the magneto- 
motive force per unit length of magnetic circuit will be larger than 
where the lines are not crowded together. The magnetomotive 
force per unit length of magnetic circuit is called magnetizing 
force. Likewise for the dielectric circuit where the dielectric 
flux density is high a greater part of the electromotive force per 
unit length of circuit is required than at parts where the flux 
density is low. Electromotive force or voltage per unit length 
of dielectric circuit is called electrifying force, or voltage gradient. 
If iron or material of high permeability is placed in a magnetic 
circuit the flux is increased for a given magnetomotive force. 
If there is an air gap in the circuit the magnetizing force is much 
greater in the air than in the iron. If a material of high specific 
capacity or permittivity, as glass, is placed in the dielectric 
circuit, the dielectric flux is increased. If there is a gap of low 
permittivity, as air, in the circuit, the gradient is much greater 
in the air thanin the glass. The electric circuit is also analogous, 
as will appear later. 

A given insulation breaks down at any point when the dielec- 
tric flux density at that point exceeds a given value. It is thus 
important to have uniform density. The flux y depends upon 
the voltage, the permittivity, or specific capacity of the insula- 
tion, and the spacing and shape of the terminal. That is 

v = Ce 
The flux density D, at any point, is proportional to the gradient 
g or volts per centimeter at that point, and to the permittivity of 
the dielectric. Thus 


de 
Di de® = gKk 
Y 
also D=— 


1 See Karaperorr, “The Magnetic Circuit,” and ‘The Electric Circuit”; 
SrzinmeTz, ‘Electric Discharges, Waves and Impulses.”’ 
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As the density is proportional to the gradient, insulations will, 
therefore, also rupture when the gradient exceeds a given value; 
hence, if the gradient is measured at the point of rupture, it is a 
measure of the strength of the insulation. The strength of 
insulation is generally expressed in terms of the gradient rather 
than flux density. 

By analogy with Hooke’s law, the gradient may be thought 
of as a force or stress, and the flux density as a resulting electrical 
strain or displacement. Permittivity k, then, is a measure of 
the electrical elasticity of the material. Energy is stored in the 
dielectric with increasing force or voltage and given back with 
decreasing voltage. Rupture occurs when the unit force or 
gradient exceeds the elastic limit. Of course, this must not be 
thought of as a mechanical displacement. In fact, the actual 
mechanism of displacement is not known. 

When two insulators of different permittivities are placed in 
series with the same flux passing through them, the one with the 
lower permittivity or less electrical elasticity must take up most 
of the voltage, that is, the ‘‘elastic’”? one may be thought of as 
‘“‘stretching”’ electrically and putting the stress on the electrically 
stiff one. The dielectric circuit is also analogous to the electric 
circuit when the flux is thought of in place of the current—and 
the permittance as conductance. The reciprocal of the permit- 
tance is sometimes called the elastance S and corresponds to 
‘‘resistance’’ to the dielectric flux. It is convenient when 
permittances are connected in series, as the total elastance is the 
sum of the elastances. When permittances are connected in 
multiple, the total permittance is the direct sum of the permit- 
tances. Take two metal plates in air and apply potential 
between them until the flux density is almost sufficient to cause 
rupture. Now place a thick sheet of glass between the plates; 
the permittance and, therefore, the total flux is increased. This 
increases the stress on the air, which breaks down or glows. 
The glass does not break down. Thus, by the addition of insu- 
lation, the air has actually been broken down. 

It is especially important in designing leads and insulators 
immersed in air to avoid overstress on the air. 

It can be seen that a statement of volts and thickness does not 
determine the stress on the insulation. The stress on insulation 
does not depend altogether upon the voltage, but also upon the 
shape of the electrodes; as, for instance, for needle points the flux 
density at the point must be very great at fairly low voltages, 
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while for large spheres a very high voltage is required to pro- 
duce high flux density. For this reason 200 kv. will strike 55 
em. between needle points, while it will strike only about 17 
em. between 12.5-em. spheres. From the above it can be seen 
that it is much more important to design the dielectric circuit 
for proper flux distribution than the magnetic circuit. Local 
overflux density in the magnetic circuit may cause losses, but 
local overflux density in 
the dielectric circuit 
may cause rupture of the 
insulation. 

Consider now the two 
conductors of a trans- 
mission line with voltage 
between them. The +50 
total dielectric flux be- 
gins on one conductor 
and ends on the other 
conductor (see Fig. 1(d)). 
The flux is dense at the 
conductor surface and 
less so at a distance from 
the conductor. Hence, 
the voltage gradient is 
greatest at the surfacé, Fig. 2.—Voltage in space between two par 

3 3 allel wires. 

where the dielectric 

cross-section is a minimum, and, therefore, the “flux resistance” 
or elastance is greatest and breakdown must first occur there. 
For the particular case shown in Fig. 2, one-third of the voltage is 
taken up by the space 12 cm. from each conductor, although the 
total space is 100 cm. The gradient is greatest at the wire sur- 
face. That is, if across a small distance X, the voltage is 
measured near the wire surface and then again across the same 
space X» some distance from the wire, it is found that the voltage 
is much higher across the small space X,; near the wire surface 
than across the one farther out. In actually measuring the 
gradient, or rather calculating it, X is taken very small or dz. 
The voltage across dx is de. The purely mathematical expres- 
sion for the gradient at the surface of parallel wires is 

de e 


T14-10m 
ies 


—50 


12 Cn 


-—- —74 Cm— - ——_- 


1Cm ie 
100 Cm——-——_—_——_ - —_} 


2r loge” 
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If the conductors are close together, a spark jumps across when 
the voltage is high enough to produce overflux density at the 
conductor surface; or corona and spark-over are simultaneous. 
If far apart, corona forms around the conductor surface and 
spark-over takes place at some higher voltage. 

As voltages or electromotive forces become higher, the proper 
shaping and spacing of the conductors to prevent dielectric flux 
concentration becomes of more importance. The dielectric 
field must now be considered in the design of apparatus as the 
magnetic field has been considered. Certain phenomena always 
exist which go unnoticed because of their feeble effect, but which, 
when conditions are changed, usually in a way to cause a greater 
energy density, become the controlling features. This is so with 
the dielectric circuit. The problem first made itself apparent to 
engineers in the transmission line, which will be taken to illus- 
trate this. When voltages were below about 60,000, the conduc- 
tors used had sufficient radius or circumference so that the surface 
flux density or gradient was not sufficient to cause breakdown. 
As voltages became higher, the sizes of conductors remained 
about the same and, therefore, the flux density or gradient 
became greater. The air broke down and caused the so-called 
corona and resulting loss. 

As high voltage engineering problems will be, to a great extent, 
problems of the dielectric circuit, this will be discussed in the next 
chapter and calculations made for a few common forms of elec- 
trodes. The determination of the dielectric flux density, etc., 
is purely a mathematical problem. Exact calculations are diffi- 
cult and often impossible except for simple forms. Exact caleu- 
lations are not necessary in practical design work, but the general 
principles must be kept in mind. 


CHAPTER II 
THE DIELECTRIC FIELD AND DIELECTRIC CIRCUIT 


If two conductors placed in a dielectric, as, for instance, the 
two parallel wires of a transmission line in air, are connected 
together at one end by an electric motor, or resistance and poten- 
tial is applied across the other end from an alternating-current 
generator or other source of power supply (see Fig. 3), energy 
transfers take place. The motor at the far end turns and part 
of the energy is thus used as useful work—part appears as heat 
in the motor. 


Fig. 3.—Transmission line carrying energy. 


As a function of the current in the transmission circuit and a 
constant called the resistance, energy is absorbed. This energy 
appears as heat in the conductors; it is proportional to the product 
of the square of the current and the resistance, and is commonly 
known as the J’r loss. Hence, as it is not returned to the circuit 
or transferred into useful work, but is dissipated as heat, it is 
analogous to a friction loss. During the transmission, energy 
is stored in the space surrounding the conductors in the electric 


field in two different forms—magnetic and dielectric. 
9 
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Energy is stored in the magnetic field, where it is proportional 
to the square of the current and to a constant of the circuit called 
the inductance: 

Seles 


wy, = =a 


2 


Magnetic energy is stored with increasing current and delivered 
back to the circuit with decreasing current. The magnetic 
energy becomes noticeable or large when the currents are large, 
or in low-voltage circuits. 
Due to the dielectric field, the energy is 
eG 
weeds 
This energy is stored with increasing voltage and delivered back 
with decreasing voltage. A dielectric may thus by analogy be 
es thought of as an electrically elastic 
material, which is displaced by an 
| electric pressure, 7.e., voltage. 
Energy is, hence, stored in the 
dielectric with increasing voltage 
or electric pressure, is maximum 
at the maximum point of the volt- 
age wave, and is delivered back 
ey to the circuit with decreasing 
\ | voltage. When the pressure be- 
Cy comes too great, the electric elastic 
limit is exceded, or the dielectric 
| becomes distorted beyond this 
PL | elastic limit and rupture occurs. 
2 oe 80° Bor 0 0° The dielectric energy becomes of 
Fig. 4.—Variation of dielectric and reat importance at high voltage 
magnetic stored energy with voltage and, hence, in the study of in- 
and current. = : : 
sulations, and it only will be con- 
sidered here. The electric displacement may be pictured in 
magnitude and direction by lines of force. The dielectric 
lines of force for two parallel conductors are shown in Fig. 
3, the eccentric circles (dotted) are the magnetic lines of force. 
The magnetic circles are also equipotential boundary lines 
for the dielectric field. The dielectric energy is sometimes said 
to be due to a charge on the conductor. This is often confusing, 
as the energy is stored not on the conductor but in the surround- 


We 
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ing space, and may be thought of as due to an electric displace- 
ment. The nature of this displacement is not known. It can 
be seen that in order that a transfer of energy may take place, 
energy must be stored in the space surrounding the conductors 
in two forms—magnetic and dielectric. Energy thus flows 
only in a space in which there is a magnetic and a dielectric field. 
This energy is proportional to the product of the magnetie and 
dielectric field intensity and the sine of the included angle. If 
one field exists alone, there can be no energy flow. The change 
of stored energy from magnetic to dielectric and back is shown in 
Fig. 4. 

Dielectric Field between Parallel Planes.—In the dielectric 
field the flux or total displacement is 


yY = Ce coulombs (or lines of force) (1) 


where e is the applied electromotive force or voltage, and C is a 
constant of the circuit, depending upon its dimensions, and is 


(MMII m >) » 


Fic. 5.—Dielectric field between parallel planes. 


called the capacity, or better, permittance. If C is measured in 
farads, and e in volts, y is expressed in coulombs. Figure 5 
shows the simplest form of dielectric circuit. Neglecting the 
extra displacement at the edges, it is seen that the dielectric 
lines of force are everywhere parallel and the field is uniform. 
The dielectric circuit constant, or the permittance, is directly 
proportional to the area of the cross-section perpendicular to the 
lines of force, inversely proportional to the spacing along the 
lines of force, and directly proportional to the dielectric constant 
or the permittivity. 

For large parallel planes without flux concentration at the edges 


ede 103) A 3 
C = Sk ga) = YbK farads (2) 
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where A is the area in square centimeters 
X is the distance between plates in centimeters 
k is the specific inductive capacity, or better, permittivity, 
and 
v is the velocity of light, 3 X 10!° cm., per second 
The term in brackets is due to units. The flux density, then, 
or displacement per unit area, as the flux is uniform, is 


9 
D= ‘ = = ee coulombs per cm.? (3) 


To establish this flux or displacement through the distance X an 
electromotive force e is required. The force per unit length of 
dielectric circuit or electrifying force is constant in the uniform 


field and is then oe The gradient then is 


g= . volts /em. 


The density may thus be written: 


D = kgf?) (4) 


which is analogous to Hooke’s law in Mechanics, 
strain = k times stress 


The larger k is, the greater the displacement is for a given 
force g. 

Thus k is the coefficient indicating electrical elasticity of the 
material, or its ‘‘conductivity”’ to the flux. The reciprocal of 
permittivity is analogous to resistivity and has been termed 
elasticity «. The reciprocal of permittance has been termed 
elastance S. The dielectric circuit then becomes analogous to 
the electric circuit 

ae volts e€ 


=; COorr Wr = 
“flux resistance”’ ¥ S 


It is often convenient to consider the dielectric circuit in this 
way, and to use o and S, as the total elastance of a number in 
series is the direct sum. The total permittance of a number in 
multiple is the direct sum. See two methods, Case 1, page 312, 
Chap. XI. In studying insulations, it is important to be able to 
express their relative strengths. Naturally, this is generally 
done in terms of the force or voltage gradient necessary to cause 
rupture. It may also be done in terms of the flux density at 
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rupture; that is, in coulombs per square centimeter. A given 
insulation breaks down at any point when the flux density exceeds 
a certain definite value at that point, or when the gradient exceeds 
a given definite value. 

For Fig. 5 where the field is uniform the gradient is 


ua aot Ce coulombs 
g = e/X kv. per em. Die ee a cg. 
/ P A A ore per cm.? 
10° 
> ten eae 8.84 X 10-14 


Hence, if the voltage is increased until rupture occurs and found 
to be e, the voltage gradient or the flux density at rupture is 
known; it would seem that this would be a good form of test 
piece with which to study insulation. This is not usually the 
case because of the extra displacement at the edges which is dif- 


Lines of 7 : ss 


Force 
Fie. 6.—Concentric cylinders. 


ficult to calculate. This may, however, be made very small at 
small spacings by proper rounding of the edges. Equations for 
the voltage gradient, permittance, etc., will now be given for a 
few of the common electrodes. In general, calculations are made 
in the same way, except that the field is usually uniform over only 
very small distances. The total capacity is found by taking the 
capacities over distances so small that conditions are still uniform 
and integrating. 

Concentric Cylinders.—Concentric cylinders make a conven- 
ient arrangement for studying dielectric strength, especially that 
of air and oil. On account of the symmetrical arrangement, the 
dielectric circuit is readily calculated. For testing, the extra 
displacement at the ends is eliminated by belling (see Fig. 6). 

Permittance or Capacity.—In this case the lines of force are 
radial. The equipotential surfaces are concentric cylinders. 
‘The total flux per centimeter length of cylinder is 

Vi Ce 

The permittance may be thought of as made up of a number of 
permittances in series between r and f&, each permittance being 
between two equipotential surfaces dx centimeters apart. 
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For a number of permittances in series 
1 


ak 1 
CreO 30k 


The permittance of the condenser of thickness dz, over which the 
field is uniform ne 6), per centimeter length of cylinder is 


_ dx Amv? dx Amv? Qv2 dx 


dS = 4(G) =F E109 — Dez 108 ~ KIO? 
dS = z 
z ase at Sey 
k10° 5.55 k10-'% farads per centimeter 


(5) 


~ 9? log. R/r  _—ilog. R/r length of cylinder 
Gradient and Flux Density.—The flux density is greatest at the 
conductor surface and, hence, the gradient must be greatest 
there. The flux density at any point x measured from the center 
is 


Ys, OG en 
A A A2v? log. R/r = 
A = 272 
= chi a Wand ek _,3 coulombs 
~ 4naxv? log. R/r Alc Se Bayh se x log. R/r 19 per cm.? 
Se0r ee 
0a Sis 10° = hak Ry kv. per cm. (6) 


g is maximum at the surface of the inner cylinder or 
where x =r 


é 
Jmaz = 7 loge R/r kv. /em. (6a) 


Parallel Wires.—Parallel wires, one of the most common prac- 
tical cases, will be considered in detail, in order to illustrate the 
general method of calculating the dielectric circuit and to show 
that the expressions for the permittance, flux density, gradient, 
ete., are quite simple and can be written with the aid of ordinary 
geometry and calculus. 

Equipotential Surfaces, Lines of Force, and Flux Density.— All 
of the equipotential surfaces which arise in this case are cylin- 
drical. Only their intersections with a normal plane need be 


THE DIELECTRIC FIELD AND DIELECTRIC CIRCUIT 15 


considered, therefore, and the problem may be dealt with as 
affecting only the plane. 

The following principles will be used: 

1. The resultant field in the space between two conductors 
is the superposition of the two independent fields. The resultant 
field due to any number of fields may be found by combining in 
pairs. 

Fluxes may be added directly. 

2. The potential at any point is the algebraic sum of the 
potentials due to the independent fields through that point. 


Fie. 7.—Lines of force between parallel wires, by superposition of independent 
radial fields. 


In the same way, the potential difference between two points 
is the algebraic sum of the potential differences due to the inde- 
pendent fields. 

3. The density or gradient at a point is the vector sum of the 
densities or gradients due to the independent fields. 

When the conductors are infinitely small, the dielectric field 
may be considered as that resulting from the superposition of 
the two uniform radial! fields from the conductors to an infinite 
cylinder. 

1 By uniform radial field is meant one in which equal central angles always 
include equal fluxes. 
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The resultant equipotential surfaces are then cylinders whose 
right sections are eccentric circles which enclose the wires, and 
whose centers all lie in the line connecting them; and the lines of 
force are arcs of circles intersecting in the conductors. The 
independent radial fields about each conductor are shown in Fig. 
7, and the field resulting by superposition is shown in Fig. 8. 

The equipotential surfaces will first be considered. It has been 
shown above that the permittance C between two equipotential 
cylinders of radii R and r is 


2rkK 


arin farads per em. (5) 


Fie. 9. 


This is also the permittance between any two points on these 
surfaces; therefore, the voltage between points distant 7; and re 


cm. from the conductor center is 


_ plog. ri/T2 
Bn OnE K 


Considering now the field resulting from superposition: In 
Fig. 9, the potential difference between H» and P, due to the 
radial flux y from A’), is 

_ wy logl x1/a 


°p, QrkK 
Similarly, the potential difference between Hf, and P. due to the 
radial flux — y from A’, is! 
‘e 2rkK 
1 The signs must always be properly placed. It is convenient to give p 
the sign of the point displacement under consideration. The distances from 
the displacement points to the points between which potential is sought 
should always be put in the same order in the log, as, v/a, x2/b, ete. See 
problems, Case 11 and Case 12, Chap. X. 
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The total potential difference between H, and P due to the two 
radial fields, and hence due to the resultant field, is the algebraic 
sum of the potential difference produced by each field separately: 


Cp = lp + ep, = ae sep (loe. — log. 2) 


But, if H, and P are points on the same equipotential surface, 
the potential difference between them is zero, or 


Therefore log. 7 71 log. ae 
: _ % 
eure 
age const. 
Le b 


if H. is fixed—that is, for any one equipotential surface. 

The equipotential surfaces are cylinders whose sections are 
circles which surround the infinitely small conductors. These 
circles have centers on line A,A>», but are not concentric with the 
conductors. This may be shown as follows: 

Assume Cartesian axes through A's, the X axis containing A’). 
Let the coordinates of P be x, y, 


t= V(AIA’, — 2? $y = Vatb—azyP+y 


n= Vite 
ti) (Ore eee 
iy LO a? + y? 


a*x? + a®y? = ba? + b4 + bx? 4+ 2ab3 — 2ab2x — 2bx + dy? 
(a? — b*)x? + 2b7(a + b)x + (a? — b2)y? = b2(a + b)? 


Paes pee li _ ba + b)? bt 
z = bY ha hie ee b2 (a — b)? 
ae = ee bf 
eee 
Gs Se er Gs 
b? vat — oe $b! a? 
I eee a => ————__. 
( a — i) Ty (a=)? “a= 


ie b 2 a2b2 
(7 +5—5) a ake ay (7) 
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This is the equation of a circle whose center has the coordinates 
2 


ae 0 and whose radius is —s The circle is thus found for 


any given a and b. 


The equipotential circle through any point P (tp, Yp) is found 
as follows: 


ee eee et 
" Pig Ao ae 
a a ae v2 , 


a+b iS Xi + Le 
Substituting for a and 6 in (7): 


9 


( a” 2) : Beate Wie 1D) Sew es 
M1 + 22)7/ S”? a . (4% + @2)? (21 + 2X2)? 
a4 te cy 2 
gy! (Aes) S (2 o 22) 
v1 + Ze Cite 
t_2S/ 2 Peed _ 2170228"? 
(« + i) +y= (212 — a2)? 


at = ps =— YP” : 
(2 (xp? + ag Feu y? 


ae SS’? — 2QapS! 
ae = <p)" -- yp*} | (ap+? | yp)S” 
(87 — Qzp)? 


ee 4S ee) Yet) eee oP) 

(e+ ete) +y?= Fa PST (7a) 

The resultant lines of force are ares of circles with centers on 
line n and passing through n 
the points A’; and A’». 
This is shown as follows: 
Consider Fig. 10. The flux 
included in PA’; A’. per 
centimeter length of cylin- 


der due to A’;is rat That eee 3 9 
in PA’, A’; due to A’, is | 
ves, Fie. 10. 


The total flux between P and A’,A’> is the sum of these 
Vp = a (ay + a2) 
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The restriction that lines of force cannot cross implies that the 
flux between any two is constant; hence, if P move along a flux 
line, : 
yp = Cr + a2) = const. 

2r 
from which 
a, + a = const. 
Hence 
a =m — (a; + ae) = const. 

Notre.—The equation of the line of force may also be found by writing 
the expression for the flux densities at points and imposing the condition 
that the component normal to the line of force is zero. 

This condition defines a circular are passing through A’; and 
A’. Choosing, as before, the point A’, as the origin of Cartesian 
coordinates, the equation of these circles is 

AS! 2 S’\2 

=~ 2) +(y-m)*= m+ (5) (8) 
where m is the ordinate of the center of any particular circle 
The equation of the line of force through (2, y) is found as 
follows: 

Call the center of circle (lines of force) O 


A,’/O = PO = radius of circle 


S’ 3 
r? = (PO)? = (5 — x) + (y —m)? 
Ss’ 2 "\ 2 
(G-2'+o-m=m4 GG 
Through any point (xpyp). 
Then (= — xp) 7+ (yp — m)* = (5) + m? 
oe wee Wee 
2yp 
Substituting this value of m in (8). 
Ne _ xp? + yp* — S'ap 2 
(e-5) + mace | (8a) 
a — S’ap xp? + ypr* 2 S’\ 2 
= ( 2yPp ) - (3) 


The slope of the equipotential surface at (xp, yp) is found 
from (7a) 
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Evaluate y in terms of x, differentiate, and put 2 = Zp». 
Notre.—Take x always +. m— when below z axis. 


dy +: S'ztp — tp? + yp? 


die, ‘ij yp(S’ — 22p) 


The: slope of the line of force at (x;, yp) is found in the same 
way from (8a) 


dy = yp(S’ =— 22p) 
dx1; S/a~ = Cp + YP" 
It will at once be noticed that 
dy _ _ adyis 
Aes dx 


which shows that the line of force at any point is perpendicular to 
the equipotential surface at the same point. 

The flux density, D, at any point in the resultant field is the 
vector sum of the flux densities due to A’; and A’>s, separately. 
At P (Fig. 10) the flux density due to A’; is 


rey. 
1 x Qr2x1 
and due to A’o is 
eZ 
Ds a 272 


directed as indicated. 


Norr.—Subscript es refers to equipotential surface. 
Subscript /f refers to line of force. 


The triangles whose sides are 71, 22, S’, and D2, Di, D may be 
shown to be similar, having one angle (a) equal, and the including 
sides proportional. 


Then Stages 
Dens Voy (9) 


T2 X2 Qrx1 ms 21x 1Xo 


The preceding, covering infinitely small wires, is not directly 
applicable to the ordinary case of large parallel wires. Green’s 
theorem, however, states that if any equipotential surface be 
kept at its original potential, the flux within it may be removed 
without any change in the external field. In Fig. 11 the circles 
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represent equipotential cylinders, surrounding flux centers A’; 
and A’>. These cylinders may be maintained at their original 
potential. The interior may be filled with a conductor. This 
gives parallel conductors of radius r and spacing between centers 
S. The external field has not been changed, and the preceding 
discussion still applies. A; and A» must be located from A’, 
and A’»s, since r and S are the quantities given in any actual case. 
This is easily done: 


a=S-—r-2 

b=r-—2 

pe OA ae > Dear ne i ee 
Pp bee a ae te S — 2r 
oS = 5 = 2" 
2 — Sz+r?=0 


_8-VS=e 
Z, 


Fia. 11. 


Since obviously z cannot be greater than S/2, the negative sign 
is taken for the radical. 


a=S—r—z 


= VS? — 473 


=) = 2 err: 


2 
b=r—z 
_ 2r—-S+ VS2— 4,3 4r? 
ee 
aves — 2r + VS? — 47? 


Das Ss A Oa = ae (10) 
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 &r — 8 + VS? — 47? orn = SAN Sie 4p 
gh 258 Ars Fe 21S 2r) VSt = a 
4r? — 4rS + 4r? 


_ (r — S) (S + VS? —4r3) _ 8 wor ee 
2r(Qr — 8) =F +/(8) —al 


Dis OS ee a eae 


Permittance or Capacity—In Fig. 11 let n be a neutral plane. 
Represent by e, the potential between circle H. and n (or A, 
and n) and by C, the corresponding permittance to neutral per 
centimeter length of wires. Due to A’; 


y log. vB 


Time Orbe 
Due to A’>. 
T2 
ee InkK 


= — y Uy pols Te 
en = emi + ene = 5a (loge 577g — 108: 373) 


Substituting from (10) 


QrkK 
Ce = a (1 1 ) 
log. b 


InkK 


5.55k107"4 


“toe [5 + 4) ($)* = 1] 


farads per cm. 
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If hyperbolic tables are available, a more convenient form is 


Qk K 
Ss (11a) 
2r 


° —13 
= oe farads per cm. 


=] = 
cosh op 


C, = 


cosh—! 


ere g 
If S/r be large, then / (5) cet nearly equal to rad and 
approximately 
2rkK 
Cr = eae farads per cm. (11b) 
The result corresponds exactly to the form (page 23) which 
would have resulted had the wires been considered very small at 


the start, or 


2rkK 
Sn log. a/b 
where a=S8S,b=r 


Gradient and Flux Density —The flux density at any point on 
the line joining the centers of the conductors and distant x from 
the inner surface of one of them is 


oa S’y tg = b + H 1 
 QrayXe Mm=a-2z (9) 
a (a + b)y 
2r(ab + (a — b)x — x?) 
VV S? — 4r? 


oe ee er 


n VS? — 47? 
vg 2r{(r + x) (S — 2r) — 23} 
Since y = Ces 


& 2rk Ken ae 
meld VOT 
Wes V2 ar 2rkKe, 
{2r(r + x)(S — 2r)— x3} log. [> xp Vera 
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= kKenwv S? — 4r? 
iS 2 
r+ 2) (S — 2r) — 2? a Ss 
(@ +2) (S — 2) — 2) toe. [5 + (8)? — 1] 
¥ 0.885kenVS?— 4r210-13 coulombs 
= S [pues 4 per cms 
eo 5, ees s S 
((r+2) (S—2r) —2") log[5- + V(S)* 1] 
The gradient along the line of centers is 
D 
aaa. (12) 
= enV S? = 4? kv. per 
S 2 em 
S —2r) — 2? = 8 
{(r + 2) ( r) 2} log. 5; + V(2) =| 
The gradient is greatest at the conductor surface (x = 0) and is 
enV S? — 4r? 


Jmaz 


(S — 2r)log.| = aN (5) Aa 1] (12a) 


—ky. per cm. 
r(5,— 1) toe[s: + V5) — 2] 


Cn 


= ———— ky. per cm. 
Neret ¢[3 + VG) ~ 1] 


Where hyperbolic tables are availablea more convenient form is 


Jmaz = kv. per cm. (120) 
ol 
cosh=h= 
r ——_ 
2r oe 
If S/rislarge  Qmez = aoe We (12c) 


As before, this equation would have resulted had the conductors 
been considered small in the first place. The method of drawing 
the lines of force, etc., is illustrated in Case 11, page 335, Chap. 
XI. 

Spheres.—In studying insulation it is sometimes convenient 
to use spherical electrodes. The potential between concentric 
spheres of radii R and r may be found as for concentric cylinders 
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on page 13. The equipotential surfaces are spheres. Between 
two surfaces at distance x, dx centimeters apart, the permittance 
is 


il ie AN il @hy 
a8 = d(c) =F EK ~EEK 
1 Bey eicoet was se ge 
a” gees — GELS al 

Rr 
C = 4nkK 5 
oan het 


on — OG" GekK Br 


The potential difference due to y between two points distant 
r; and re from the center of the sphere is 
e Be a ee 
“is 4nrkK T1722 
The equipotential surfaces between two point electrodes or 
very small equal spheres may be found as follows, using Fig. 11: 
The difference of potential between H» and P due to A’; is 
wags) 
P11 AekK \" x0 


due to A’s is ep; = ~zy ae 


~ Sey m1 —-aG 2-—b 
a el ee Ba AnkK ( x14 Lob ) 


If H» and P are on the same equipotential surface 


—— =0 
4a xob 
U1Xe ab 
= = constant 

to — 71 b — a 
1 1 
— — — = constant 
v1 Xe 


is the equation for the equipotential surface. 
The fraction of the total flux toward P through the cone with 
apex at A’, and half angle a due to A’ is! 


Y= el — COs a;) 


1 The area of a spherical surface is 47R*. The area of a spherical sector 
with half angle a is 2rR?(1 — cos a). 
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Through the cone with apex on A’, and half angle a: due to A’s, 
it is 


=F — COS a2) 
Yo =Vit ve 


If P follows a line of force ¥p must be constant because lines of 
force cannot cross. 


.. COS a; + COS ay = constant 


is the equation of the line force. 

The equations for the gradients, ete., of two large spheres of 
equal radii and spaced apart are given below: 
Spheres of Equal Size in Air (Non-grounded) :! 


é 


a re kv. per cm. (13a) 
where 
g = gradient at surface of sphere in line joining centers 
e = volts between spheres : 
X = distance between nearest surfaces in centimeters 
f =a function of X/R where F is the radius of either 


sphere 


f may be calculated by the following simple formula:? 


peor ey (ee 8 
1 


Spheres of Equal Size in Air (One Sphere Grounded) 


= fo ky. per cm. (13d) 


where the letters have the meaning noted above fy being a differ- 
ent function of X/R. For the case of one sphere grounded, the 
shanks, connecting leads, ground, etc., have a much greater effect 
than when both are non-grounded and mathematical values of 
fo do not check the measured values. Experimental values for 
the grounded case are given as fy in the following table. 


1 RussEx, Phil. Mag., Vol. XI, 1906. 
2 Dean, Phys. Rev., December, 1912, April, 1913 
3 Dnan, G. E. Rev., Vol. XVI, p. 148, 1913. 
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a ES 


f fo 
X/R Non-grounded (calculated Croundedi(aeasnred)® 
and measured) 


0.1 1.03 1.03 
0.2 1.06 1.06 
0.4 1.14 1.14 
0.6 1.215 1.22 
0.8 1.29 L3k 
10 1.366 1.41 
iy 1.44 1.51 
1.4 1.52 1.62 
1.6 1.61 1.73 
1.8 1.69 1.85 
2.0 1.78 1.97 
3.0 2.23 2.59 
4.0 2.69 3.21 
6.0 3.64 
10.0 5.60 
15.0 8.08 
20.0 10.58 


1 Distance of grounded sphere to ground in these tests is 4 to 5 diameters 


The practical application of thisis discussed further on page 124 
The gradient at any point in the line joining the centers of the 
spheres and distance y from the midpoint of this line is 


_ 2 + D + 4° — D)]E 
w= agen ag DF | Px 


x 

If two equal spheres are never separated a greater distance 
than twice their radii, appreciable corona can never form, but 
the first visible evidence of overstress is spark-over. If the 
separation is greater than 2R, corona forms and it is then neces- 
sary to further increase the voltage to cause spark-over. The 
condition for corona or spark-over will now be given. A wire 
in a cylinder will be taken, as the calculations are simpler and 


best illustrate the condition. 
Condition for Spark-over and for Local Breakdown, or Corona. 


For a wire in a cylinder the maximum gradient, and, thus, 
where breakdown will first occur, is at the wire surface 


7 


"= Fog, R/r Me 
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When ¢ is of such value that g at the wire surface just exceeds 
the breakdown strength of air, the air at that point becomes con- 
ducting, or corona forms, thus, in effect, increasing the size of the 
conductor. If this increase lowers the gradient, the breakdown 
will be local, and it is said that corona is on the wire. If the 
ratio A/r is such that the increase in size of the conductor by the 
conducting air increases the gradient, the broken down area 
will continue to enlarge, or spark-over will occur. The condition 
for corona or spark-over may be found thus: 


e 
9 + log. R/r 
For a constant value of e and R find the value of r to make g a 
minimum 
gies r — fee 


Fine a MS 
aa as (log. R — log. r — 1) 


= : (log. R — log. r) 


= O for extreme of x 


; (log. R = loge t= 1) a 0 Inazx 
log. R/r = 1 
R/r =e 
Therefore 


1/g is maximum when R/r = « 
we QO 1 2.8 5 AS aul Ay LHD 
g is minimum when R/r = e > 

In other words, the stress on the air yy. 19—Concentric cylin- 
decreases with increasing r until R/r ders.—Variation of gradient at 
=. When R/ris equal to or less than *Y4,°0° ES aes mek 
e an increase in r increases g. Thus, if inder constant. 

R/r < and g is brought up to the 

rupturing point, g progressively increases and spark-over must 
occur. If R/r > «, corona forms and the voltage must be still 
further increased before spark-over occurs. 

This is illustrated graphically in Fig. 12. Note that this is 
plotted between r/R and g. Thus, the minimum occurs when 
r/R = 1/e. It is interesting to note here that with a given Ra 
cable has maximum strength when r is made such that 

ipy te 


This is not the practical ratio, however, as will appear later. 
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COLLECTED FORMULZ FOR THE COMMON ELECTRODES 
Concentric Cylinders. 
5.55k10-¥8 


Capacity C= “Tog. B/r farads per cm. 
Gradient dias i og} aie ky. per cm. 
Max. gradient g = 7 rar ae kv. per em. 


Corona does not form when 


R/r<2.718 


x = distance from center of cylinder in centimeter 
R = centimeter radius of outer cylinder 
r = centimeter radius of inner cylinder 


Parallel Wires. 


Capacity or permittance to neutral 
C oS os 5.55k10-*8 
= — Se 
Teal = Bete: | (5) 1| cosh on 


farads per cm. 


Gradient (at x cm. distance from wire surface on line through 
centers) 


— en S? — 47? ky. per cm. 
[er96-m ~ 2] me[Se@)=1] 
Max. gradient (at conductor surface)! 
7 i 
ec : 
r(5 -1) ‘pes. | +4/(S) a) = "1 


Corona does not form when 
S/r < 5.85 


‘See same equations in different form, page 25, See formula 12c, page 25. 
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S = spacing between conductors centers in centimeters 
r conductor radius in centimeters 
én = kilovolts to neutral 


Equal Spheres in Air.—Gradient (non-grounded). (At a 
centimeters distance from sphere surface on line joining centers.) 
xX z 
pl AXIS +) +4(F - a) GF - 0 


go - +> Y 
Iegt+y)—4(5-4) GDP 


Maximum gradient (non-grounded) 


kv. per em. 


e 
= xf kv. per cm. 
Maximum gradient (one grounded) 


a es kv. per em 
oe ye? -p ° 


where f= Rtit+ Jeet +s 


4 
and fo = see table, page 28 
Corona does not form when X/R < 2.04 


R = radius of sphere in centimeters 
X = cm. spacing between nearest surfaces 
e = kilovolts between spheres 


Capacity or permittance 


C= peeN Te 10-!! farads 


6G 21) 

Combination of Dielectrics of Different Permittivities—When 
several dielectrics of different permittivities are combined, as is 
usually the case in practice, it becomes important to so proportion 
and shape the electrodes and insulations that one dielectric does 
not overstress another. This is of especial importance in insu- 
lators where dielectrically weak air of low permittivity is neces- 
sarily in combination with dielectrically strong insulations of 
high permittivity. 

Dielectric Flux Refraction—When dielectric flux lines pass 
from a dielectric of permittivity k: to another of permittivity of 
kz the lines are bent or refracted. This does not occur, of course, 


32 DIELECTRIC PHENOMENA 


when the lines strike the surfaces normally, as in a concentric 
cable, and between parallel plates already considered. The 
angle of refraction bears a definite relation to the ratio of the 
two permittivities and can be shown as follows: 

Let AB (Fig. 13) be the common surface of the two insulations. 
The flux ¥; makes an angle ¢, 
with the normal NWN to the sur- 
face. The total flux through the 
equipotential surface ab is the 
same as the total flux through 
the surface cd. The voltage be- 
tween a and c must be the same 
as the voltage between b and d, 
because potential at a = poten- 
tial at b and potential at c = po- 
tential at d. 


YWi=vy=y 
. Therefore 
: .—Die ic fl ion. 
1a. 13 lectric flux refraction y ans D: bie Docd (14) 
In the uniform field 
eee A 
ghd) wo oe 
where e is volts, a toc = volts b tod 
Therefore gibd = grac (15) 
Combining (14) and (15) 
Dy ab _ Ds ed 
gi bd g2 ac 
D r 
But Fe: = K, D2/g2 = Ke 
Therefore Ki _ _Ks 
tan ¢1 tan de 
Therefore vege = Ki 
tan de Ko 


Dielectric in Series.—Take the simple case of two parallel 
planes with two different dielectrics between them and neglect the 
flux concentration at the edges (Fig. 14, flux concentration not 
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shown). As the lines are normal to the electrodes, there is no 
refraction. The same flux passes from plate to plate. 


Yi=Y=y 
(ie ki KA 0, = koKA 
vy Le 
yy aa Cy ie EAT 
Lat 
Yo = Coreg = MKA 
Xe 
ki KA ksKA 
ie ea 
vy Le 
po tee Tike 
= okey 2 
€e=e +e 
ae Like 
Ca Cs aS rok, 2 


Fic. 14.—Dielectrics of different permittivities in series. 


The voltages are, therefore, divided thus 


€ 
DUD eee 
tik» 
eer) 
aS e 
aa es 
Lok 
ar 
The gradients are 
1 = Cie e 
ce ee ee 
Hi] tok 
oe (1+ a4 
Vettes (16) 
ee 16 
Xe wks 
a? (1+ el 


The voltages and gradients may be found in the same way for 
any number of insulations in series. The expression for the gradi- 
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ent at any point z in a combination of n insulations in series is 
€ 
Laie ey a eRe red (ery ui 
bee a ee ee he) 

Where the distance between the electrodes is greater than the 
radius of the edges, the increase in stress at the edges becomes 
appreciable. 

Concentric Cylinders.—¥F or concentric cylinders the expression 
may be found in the same way. The 
flux lines in this case, also, are normal 
at every boundary surface and are, 
hence, not refracted. Consider a wire 
of radius r; surrounded by n insula- 
tions whose inside radii are, respec- 
tively, ri, 2, . . - fn, and whose per- 
mittivities are ki, ke, . . . Kn. 

At the distance x from the center of 
the wire, which falls in the dielectric 
Fia. 15. of inside radius r,, outside radius 7,41, 
and permittivity k,, the expression for 
the gradient g, is found as follows: 


1/6 =1/C,+1/C,.+...+1/C.+. ..+1/C, 
ih (PS re/r1 , loge r3/Te log. (rz + 1)/r: 


= SK ie io oe ae ke ee c ~ 
log. R/rn 
ae ) 
C=2rk log ro/7 io r3/ 1 i 7 i R/ 
’ ofr Ze 3/ re Oe Vati/Tz loge Tr 
( i LS } 
D.=4 
_Ce 
A 
- In Kk ; e 
amit (loge rot loger's/T2 loge Tz. reels loge R/tn 
oe hake (17) 
py e 
"thy flogatalrs., logs rafts oo ee logercee = ae Omen 
( a a Berle eis ee: r Oeste Tey f at Woe. Bere) 


(See Chap. XI for practical Bei 
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Dielectrics in Multiple—wWhere dielectrics are combined in 
multiple, the division between the dielectrics being parallel to 


SY 


HE 


f i 
Lt 
WOO 


Fic. 16.—The refraction of tines of force passing through a porcelain insulator 
(permittivity assumed 4). 


terrregee a 
Sy 


Fra. 18.—Rod and ring with two di- 
in series. electrics. Boundary of dielectrics along 
line of force. (Not drawn to scale.) 


the lines of force (Fig. 17), the stress on either is the same as it 
would be were the other not present. Figure 18 shows a rod 
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insulated from a ring by a dielectric so shaped as to make use of 
this fact. Where the division line is not parallel to the lines of 
force, some lines must pass through both dielectrics (Fig. 19). 
For these lines the insulators are in series, and the corresponding 
precautions are necessary, just as in Fig. 14 (see Chap. XI for 
further discussion). 


B 100 K.Y. 


C. Tsolated 

A 0K.Y, 
Fia. 20.—Field not changed by a thin insulated metal plate on an equipotential 
, surface. 


Flux Control.—In certain electrical apparatus it is very often 
possible to prevent or reduce dielectric flux concentration by 
superposing fields upon existing fields. When it is necessary to 
superpose two fields, as often happens in the course of design, it 
is important to see that it is properly done. For instance, as a 
simple case, suppose the two plates A and B (Fig. 20) are at 
potentials of 0 and 100 kv., respectively. A thin insulated metal 


(a) (b) 
B 10K.V. B 100 K.y. 
Cc 50 K.Y. 
Cc. 50 K.Y, 
A OK.YV. A 0 K.Y, 


Fra. 21.—(a) Field not changed if the potential of the plate is the same as 
that of the surface upon which it rests. (b) Field changed by plate at potential 
different from the surface. 


plate C may be placed anywhere between A and B without 
changing the field as long as it follows an equipotential surface— 
that is, parallel to A and B. Unless it follows an equipotential 
surface flux concentration results. If C is insulated and brought 
to a potential of 50 kv., the field will be disturbed unless C follows 
the 50 ky. equipotential surface, or, in other words, is midway 
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between the two plates—otherwise the stress in part of the 
insulation will be greatly increased (see Fig. 21 (a) and (b)). 

Figure 21(a) shows the position for no change. 

Figure 21(b) shows very great increase of stress on part of the 
insulation. 

A coil of wires in which the turns are at different potentials 
may be placed in the field with least disturbance if the potential 
of each coil corresponds to the potential of the equipotential 
surface upon which it rests, as shown approximately in Fig. 22(a). 


(a) (b) 


1O KV. Bp 


Ww 100 K.V. 
ae O 
60 + 
40 » 
-20 9 
0:5 A 0 KY. 


Fie. 22.—Conductors placed in a uniform field 


When insulation is used around small conductors, points, etc., 
the stress may be very great. This stress may be reduced by 
superposing a uniform field. For instance, take two small paral- 
lel wires with voltage e between them, the stress is 


ie € 
2r log, e 


If a uniform field is superposed, as in Fig. 22(b) of gradient gi = 


é < 
—, the stress on the wires becomes 


S 
g2 = 291 
These principles must be used in generator and transformer 
design, etc., and will be applied later (see Chap. XI). 
Imperfect Electric Elasticity.—The electric displacement has 
been shown to follow Hooke’s law by analogy, that is 


vy = Ce 
10° 
D = kg (7) 
or strain = constant X stress 


The dielectric has so far been assumed to be perfectly elastic. 
For a perfectly electrically elastic material C or k must be con- 
stant and independent of the time that the stress e or g is applied. 
This appears to be the case for homogeneous dielectrics as air, 
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various gases, pure oil, etc., but is not so for non-homogeneous 
dielectrics. As an example of imperfectly elastic dielectrics, 
take a cable; when potential is applied between core and case, 
the displacement immediately reaches very nearly its full value, 
but gradually increases through an appreciable time slightly 
above its initial value. It thus appears that energy is slowly 
absorbed and this phenomenon has, therefore, been termed 
absorption. When the above condenser is disconnected from the 
supply, and then short circuited, the potential difference becomes 
zero. If the short circuit is removed, a very small potential 
difference gradually reappears as residual. If such a condenser 
is displaced (charged), and the supply is removed, the dis- 
placement gradually disappears by conduction or leakage. In 
measuring the high-voltage direct-current resistance of cable in- 
sulation, it is often necessary to allow several minutes to elapse 
before the current becomes constant. The residual is analogous to 
residual stretch in an imperfectly elastic metal wire. For 
instance, if a steel rod is stretched and the stress is removed, it 
immediately assumes very nearly its initial length, but there is 
always very small residual stretch which very gradually 
disappears. 

It may be shown theoretically that the phenomenon of 
absorption should exist for non-homogeneous dielectrics, but not 
for truly homogeneous dielectrics. 

In non-homogeneous dielectrics the effect of this residual is 
to cause the flux to lag behind the voltage if the voltage change 
is rapid, as in the case of high frequency. This is analogous to 
damping. If the change in voltage is slow, however, the effect 
would not result. A loop may thus be plotted (when the change 
of voltage is rapid) between voltage and displacement, similar to 
the hysteresis loop. If the frequency is very low or the dielectric 
is homogeneous, the loop does not result. 

This loop means loss, but it is not analogous to hysteresis loss 
in iron which is independent of time. 

In non-homogeneous dielectrics the absorption may sometimes 
be due to local conduction in parts of the material (see page 230). 
The insulation, for instance, may be assumed to be made up of 
condensers connected together in parts by paths that become very 
high-resistance conductors at the high voltage. It would take 
considerable time to charge completely their local condensers 
through the high resistance. Still greater time would be required 
to discharge as the voltage decreased. 


CHAPTER III 
THE ELECTRON THEORY 


Electrons.—If terminals are placed in a vacuum tube and high 
voltage is applied between them, a visible discharge or beam of 
rays is shot out from the cathode. These cathode rays proceed 
n straight lines. A pinhole diaphragm may be placed in their 
path and a narrow beam obtained (see Fig. 23). This beam may 
be deflected by a magnetic or dielectric field. J. J. Thomson 
pointed out that it acts in every way as if it were made up of 
negatively charged particles traveling at very high velocities.! 
Every test that has been made bears this out. Where the parti- 
cles strike the glass, it becomes luminescent. These particles of 
negative electricity or ‘‘charged”’ corpuscles are called electrons. 
The velocitv charge, and mass of these electrons have been 
measured. 


Fic. 23.—Cathode ray tube. 


A charged body in motion is deflected by the electric fields in 
the same way as a wire-carrying current. The deflection 
depends upon the ratio of the charge e and the mass m. By 
noting the deflection of the cathode rays in the electric field, J. J. 
Thomson found the value of the ratio e/m. The most accurate 
value of the ratio with e measured in electromagnetic units is 
1.76 X 107. Each ion in a gas acts as a nucleus in the condensa- 
tion of water vapor. The condensation in the presence of the 
ions may be made to occur by change of pressure. By observing 
the rate of fall of the cloud, the number of drops or electrons can 
be calculated. If the total charge is measured, e can be at once 


1 These rays have been made use of in an oscillograph (see p. 99 
Chap. IV). In this instrument the beam acts as a pointer and is made to 
trace a curve under influence of the fields produced by the current or voltage 
of the wave which is being measured. 

39 
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obtained. This was done by C. T. R. Wilson. e was also later 
determined by Millikan and found to be 4.77 X 10-'° electro- 
static units or 1.6 X 10-2° electromagnetic units. The mass of 
the electron seems to be about 1490 of the hydrogen atom, or the 
same mass as the hydrogen ion in electrolytic conduction. This 
mass is about 9.0 10-28 g. when the velocity is considerably 
below that of light, but it changes with velocity. It must be 
considered as that determined by force divided by acceleration. 
The velocity of the electron usually varies from 107 to 10° em. 
per second, dependent on the voltage of the electric field. 

Ions and Atoms.—Although “‘ion” is a general term often 
used for positive and negative atoms or molecules, electrons, and 
positive particles, it is usually meant to signify only the charged 
atom or molecule. The removal or addition of one or more 
electrons changes the neutral atom or molecule to a positive or 
negative ion, respectively. 

The atom is supposed to consist of a positive central nucleus 
surrounded by electrons of sufficient total negative charge to 
neutralize exactly this positive charge. In the static model 
of the atom, as developed principally by Lewis and Langmuir, the 
electrons are supposed to be stationary in shells about the nucleus. 
This model is usually preferred by the chemists. 

The dynamic atom, due principally to its better interpretation 
of spectral lines, has generally been accepted by the physicists, 
and will be considered here. This form is largely due to Bohr 
and Sommerfeld and assumes that the electrons rotate about the 
nucleus in various orbits, representing different energy levels. 
It is in reality a miniature solar system, the centrifugal force of 
the revolving electron just compensating for the electrostatic 
attraction of the positive nucleus. A new system of wave 
mechanics has been devised recently by Schrodinger, Heisenberg, 
Born, etc., to build up an atomic structure to interpret many 
spectral anomalies which the Bohr atom has so far failed to do. 
This model is rather vague and highly mathematical, so that the 
Bohr form is still largely adhered to because of the clearer 
physical conception which it gives. 

It has been determined that the properties of an element are 
largely due to its atomic structure. Its mass and any possible 
radioactivity are properties dependent largely on the nucleus, 


See articles, Jour. Frank. Inst., Vol. V, p. 205, 1928; p. 323 (Swann), 
p. 519 (Swann); p. 597 (Davisson); Vol. V; p. 206, 1928; p. 605 (BRAMLEY). 
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while its chemical nature and spectra are connected with the 
distribution of the extra-nuclear electrons, and only indirectly 
with the nucleus. 

The nucleus with its net positive charge is supposed to consist 
of both electrons and protons, each of the latter being a unit of 
positive electricity and identical with the hydrogen nucleus. 
In the neutral atom, the extra-nuclear electrons compensate for 
the excess positive charge of the nucleus and their number 
apparently determines the atomic number and the element’s 
place in the periodic table. To change the element, therefore, 
it is necessary to change the net charge on the nucleus, for 
example, by the addition or subtraction of a proton or hydrogen 
nucleus. 

If a proton and an electron could both be placed in the nucleus, 
the resultant charge would be unchanged and, according to the 
present ideas, the same element would result with unchanged 
chemical properties but increased atomic weight. Many such 
elements have been detected, each having different atomic 
weights but the same chemical properties. They differ only in 
their nuclei and are called isotopes. For example, tin and xenon 
have each been found to have at least seven different atomic 
weights. 

The removal of an outer planetary electron of an extra-nuclear 
orbit apparently merely ionizes the atom and it assumes a positive 
charge. Its chemical properties and mass are left practically 
unchanged. 

Radioactive Materials.—In the disintegration of radioactive 
substances, alpha, beta, and gamma rays are evolved. The 
alpha and beta emanations are really charged particles since they 
may be actuated by electric fields. Gamma rays, like heat, 
light, and X-rays are electromagnetic waves. Alpha particles 
are positively charged helium atoms, but possess much greater 
energies than the ordinary positive particles. Beta particles 
are identical with cathode particles or electrons but are much 
more active, having the highest velocities of any material bodies 
known. 

The arrest of rapidly moving electrons when they strike the 
target produces X-rays. In the same way, gamma rays are 
produced by the braking effect exerted in the atom on the alpha 
and beta particles leaving the radioactive nucleus. They possess 
vastly greater energies than X-rays and would require tube 
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voltages of at least several million volts. They are surpassed in 
penetrating power only by the recently discovered cosmic rays, 
which Millikan has ‘given considerable study. These have 
approximately fifty times the frequency of gamma rays and are 
supposed to be due to meteoric changes going on all about the 
earth, as they seem to enter its surface uniformly from all 
directions. 

Radioactive emanations involving the expulsion of alpha and 
beta particles are believed to be due to the disintegration of the 
nuclei of the radioactive materials. This, therefore, involves a 
transmutation of elements with the consequent change of 
properties and decreasing mass. Several radioactive sub- 
stances follow such transmutation series which end in lead of 
different atomic weights. In that way, therefore, are evolved 
several of the isotopes of lead. 

Conduction through Gases.—Take two electrodes in air and 
apply some low potential between them. Direct ultraviclet 
light upon the negative elec- 
trode. If the voltage is grad- 
ually increased, the current 
increases almost directly up to 
a Fig. 24. There is then a 
considerable range between a 
and b where an increase in 
voltage does not greatly in- 
crease the current. At b the 

Volts current suddenly increases 

Fic. 24.—Variation of current with yery rapidly with increasing 
voltage through ionized space between 
parallel plate electrodes. voltage. It appears that 

negative ‘‘particles’”’ or elec- 
trons are produced or set free at the negative conductor by the 
ultraviolet light. These particles of electricity are attracted to 
the positive conductor and, thus, show as current in the galva- 
nometer in the circuit. The number reaching the positive con- 
ductor increases with increasing voltage. The current thus in- 
creases with increasing voltage. The potential at a is sufficient to 
cause practically all of the negative particles that are produced 
by the light to reach the positive conductor. An increase of the 
voltage above the value at a can thus cause very little increase 
in current unless a new source of ionization is applied or the 
number of ions is increased in some way. When the voltage is 


Current 
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raised above the value at b, the current increases very rapidly 
with increasing voltage. A new source of ionization has resulted. 

Ionization.—As shown above, an ion is merely an atom which 
has assumed a net positive or negative charge through the loss 
or gain, respectively, of one or more electrons. By the term 
“ionization” is usually meant the creation of positive ions by the 
removal of electrons from neutral atoms. 

The electron in the Bohr atom, as stated previously, was 
assumed to be arranged in certain energy levels, an exchange of 
energy being evolved in any electronic shift between orbits. 
Consequently, in the complete removal of an electron from the 
atom in ionization, an absorption of energy is requisite. This 
energy may be in mechanical form (ionization by collision) ; 
in the form of light (photoelectric ionization); or in the form of 
heat (thermal ionization). 

Ionization by Collision —The theory of ionization by collision, 
as originally postulated by Townsend and later amended by 
others, is usually accepted as describing, in a general way, the 
principal form of electrical breakdown of air. In this process, 
as the applied field potential is raised, the action is first assumed 
to start through the imparting of sufficient velocities to the stray 
ions, believed to be ever present in the atmosphere from radio- 
active material, ultra-violet light, and other sources, to enable 
them to dislodge electrons upon colliding with neutral atoms or 
molecules. At the lower fields, the electrons so created are 
assumed to be practically the only active agents in the ionizing 
process, because of their much greater mobilities. Complete 
breakdown in the form of a spark does not occur until the voltage 
has been sufficiently increased to enable the less mobile positive 
ions to assume ionizing velocities. From his measurements 
between parallel plate electrodes, Townsend originally concluded 
that the voltage gradient necessary to start this breakdown 
under normal atmospheric conditions (76 em. pressure and 25°C. 
temperature) was 30 kv. per centimeter. In this he assumed that 
the field, as he measured it between the plates, remained uniform 
throughout. 

Work by physicists since then seems to indicate that a few of 
the details of the original Townsend theory, particularly in 
regard to the action of the positive ions, must be modified and 
extended. From the study of the time lag of spark gaps,' it has 

1Rocowskl, W., Arch. f. Elek., Vol. XX, 1928. 
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been claimed that the movement of the positive ions, as laid 
down by the above theory, is too slow to allow of their participa- 
tion in spark-gap breakdowns of extremely brief duration (less 
than a microsecond). There are also indications that, even at a 
steady field gradient of 30 kv. per centimeter, the positive ions 
may not attain sufficient velocities for the ionization attributed 
to them.! To take care of this, Loeb? has suggested that, when 
breakdown occurs between parallel plates at an average gradient 
of 30 ky. per centimeter, the actual gradient at the cathode 
surface has been increased to much higher values, due to the 
formation of a positive space charge there. This, then, provides 
the positive ions there with sufficient ionizing energies. Accord- 
ing to this, we must always look for non-uniform fields just prior 
to spark-over—even between parallel plate electrodes. 

The ionizing energy of a gas or vapor, which is the minimum 
amount necessary to remove an electron from a neutral atom, 
is usually expressed as Ve. e is the charge of one electron 
and V is the ionizing voltage of the gas, or the potential that one 
electron must fall through unimpeded before assuming a sufficient 
velocity for dislodging an electron upon collision with the atom. 
The approximate ionizing potentials of the common gases, 
oxygen, hydrogen, nitrogen, and helium are, respectively, 
13.56, 13.54, 12.2, and 24.48 volts. The ionizing potentials of 
most metal vapors lie between approximately 4 and 10 volts. 
The method of determining these potentials is roughly as follows: 
The gas or vapor in question is placed in a discharge chamber and 
a slowly increasing voltage applied to the electrodes. At a 
certain voltage, a sharp rise in current occurs, indicating the 
start of impact ionization. With this value of voltage, and 
certain assumptions, the ionizing potential of the gas or vapor 
may then be calculated. 

The breakdown voltage gradient, whether it involves local 
breakdown by corona or complete failure by sparkover, is usually 
expressed for conditions of atmospheric pressure. This value 
necessary for breakdown decreases with the pressure (except for 
extremely low pressures), due to the improved facilities for 
ionization. This follows because with decreasing pressure the 
“mean free path” of the electron increases; that is, the greater 


‘ Loxs, L. B., Jour. Frank. Inst., Vol. 205, p. 305, 1928. 
* Loeb suggests a surface gradient as high as 300 kv. per centimeter. 
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separation of the gas particles allows the electron to reach 
greater velocities between collisions for the same field gradient. 

In an extremely high vacuum where the gas particles present are 
too few to take part in any ionization process, excessive gradients 
are necessary for any breakdowns. In these cases, the charges 
involved consist of electrons actually pulled from the electrodes. 
In studies of this nature, Millikan has secured several spark- 
overs requiring erndiont as high as 6,000,000 volts per 
centimeter. 

With very short electrode spacings of a Teen of a milli- 
meter, very high breakdown gradients may also be reached. 
This is due to the hampering of the ionization process through 
the actual limiting of the mean free parts of the ionizing bodies. 

Ionization by Photoelectric Effect—A condenser or electroscope 
may be left charged in air a great length of time without con- 
siderable loss or leakage. If, however, the surrounding air and 
the terminals of the condenser or electroscope are subjected to 
the action of X-rays, ultra-violet light, or radioactive substances, 
the leakage becomes quite rapid. Thisis due to the gas becoming 
conducting because of ionization by photoelectric effect. 

This form of ionization is accomplished through the absorption, 
by the gas molecules and by the metal molecules in the terminal 
surfaces, of sufficient radiant-light energy to dislodge certain 
electrons. In gases, radiations of very high frequency are 
necessary in order to remove electrons completely from the 
atoms. X-rays and gamma rays produce copious ionization in 
gases, but ordinary ultra-violet light is effective in but a few gases. 

Ultra-violet light is rather active in dislodging electrons from 
metal surfaces by photoelectric effeet, the action varying for 
different materials. With the alkali metals, such as sodium, 
potassium, etc., electron emission can be quite copiously created, 
while for the non-metals, such as carbon, the effect only appears 
with radiations of much shorter wave lengths. 

Thermal Ionization —When extremely high temperatures are 
reached in a gas or vapor, thermal ionization may take place. 
From the assumptions of the kinetic theory of gases, this form of 
ionization really involves impact and radiation transfers of 
energy. Asarule, physicists doubt the existence of true thermal 
ionization in the usual laboratory discharges. K. T. Compton! 
says: 

1Compton, K. T., Trans. A.J.E.E., p. 882, 1927. 
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As regards any direct effect of temperature on the ionizing potential 
of the gas, this effect will probably be rather small because translating 
degrees centigrade into volts, about 8000 degrees correspond to only one 
volt. There are no laboratory experiments that reach a temperature as 
high as 8000 degrees, so that the average energy imparted to electrons as 
the result of high temperature or to the molecules by high temperature 
would in general be only a fraction of a volt. 


It would seem that in lightning strokes and in some electric 
furnaces sufficient temperatures are undoubtedly involved to 
make thermal ionization a factor. 

The Creation of Negative Ions —The ability of negative ions to 
form depends largely on the nature of the gas or vapor involved. 
Certain atoms have greater ‘‘electron affinities’? than others; 
that is, they have a greater tendency to take hold of stray 
electrons and thereby change themselves from the state of neutral 
atoms to negative ions. 

General Consideration of Ionization—The whole ionization 
process involved in any electrical discharge or breakdown is 
sure to be quite complicated. It will probably involve all the 
above forms of ionization to some extent. 

The light created during any electrical discharge, most of which 
is often invisible, is supposed to be the energy radiated when 
electrons and ions recombine, or electrons drop back to inner 
and more stable orbits within their respective atoms. Such 
light energy, if of the proper frequency, may be absorbed by 
neutral atoms in such a way as to cause electrons in them to be 
displaced to outer orbits. With these excited atoms in such an 
unstable state through this photoelectric action, the electrons 
may be then more easily dislodged by collision, and ionization 
brought about. High temperature may assist in the same man- 
ner by creating excited atoms, and dissociating molecules into 
atoms. Also collisions of insufficient force, in themselves, for 
complete ionization may, nevertheless, add to this same atomic 
instability. All these factors tend to lower the ionizing potential 
of a gas. 

Various Stages of Breakdown of Air.—The different forms of 
breakdown of air are generally classified as coronas, glow dis- 
charges, sparks, and arcs. It is often difficult to draw sharp 
lines between these forms with respect to their electrical proper- 
ties' as they share so many characteristics at times. 


1 Compton, K. T., Trans. A.J.H.E., p. 868, 1928. 
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Ares are usually differentiated from sparks by considering 
them as involving greater current densities with comparatively 
lower voltage drops, although there are exceptions to this rule. 
Physicists generally classify the two by considering the spark to 
have the greater cathode drop while some add the stipulation 
that the arc must have a negative volt-ampere characteristic. 

The spectroscopist has differentiated between arcs and sparks 
by means of the spectra produced. In general, the are would be 
defined as any discharge involving the excitation of lines or 
bands in the spectrum indicating excited states of neutral atoms 
or molecules, or possibly the first stage of ionization, the radiated 
light energy being emitted by electrons falling back into more 
stable orbits. Sparks would be characterized as discharges produc- 
ing spectra indicating higher stages of excitation and ionization, in 
which greater voltage gradients and higher atomic energies enter. 

A few laboratory discharges can be obtained having arc-like 
characteristics which do not involve thermionic emission or 
metal vapors. As a rule, most atmospheric arcs encountered 
by the engineer incur both of these factors, electrons being 
emitted from the heated negative electrode in the same manner 
as from the hot filament of a vacuum tube, and metal vapors 
being boiled off from both the electrodes. Metallic vapors are 
particularly conducive to low-voltage characteristics, compared 
to ordinary gases, as, in general, they have lower ionizing poten- 
tials; they possess lesser electron affinities, thereby removing fewer 
electrons from the discharge; and they have more elastic impacts, 
thus absorbing less energy from colliding electrons and ions. 

In ordinary alternating-current flashovers between points, 
the first visible sign of air breakdown is the corona at the points. 
The corona brushes increase in length as the voltage is raised, 
and, if the electrode spacing is not much more than a foot in 
length and circuit conditions are fairly stable, a faint glow-like 
discharge appears at intervals completely across the gap when 
a sufficiently high voltage is reached (see Fig. 74). Soon there- 
after complete breakdown of the gap occurs. Recent work 
with moving films and spectrograms! has indicated that this 
breakdown is first in the form of an extremely brief, condenser- 
like air spark which cores out a path for the low-voltage are which 
immediately follows. It is in this subsequent arc stage that 
thermionic emission and metal vapors enter to take part in the 
discharge. 

‘ 1Lusianan, J. T., Trans. A.J.E.E., 1929, p. 246. 


CHAPTER IV 
VISUAL CORONA 
SUMMARY 


Appearance.—If potential is applied between the smooth 
conductors of a transmission line or between concentric cylin- 
ders and gradually increased, a voltage is finally reached at 
which a hissing noise is heard and, if it is dark, a pale violet light 
can be seen to surround the conductors. This voltage is called 
the critical visual corona point. If a wattmeter is inserted in the 
line, a loss is noticed. The loss increases very rapidly as the volt- 
age is raised above this point. The glow or breakdown starts 
first near the conductor surface, as the dielectric flux density 
or gradient is greatest there. As the broken down air near the 
surface is conducting, the size of the conductor is, in effect, 
increased by conducting corona. This increases for the given 
voltage until the flux density or gradient is below the rupturing 
gradient, when it cannot spread any more. If the conductors 
are very close together, a spark strikes between them immediately 
before visible corona can form. If the conductors are far apart, 
corona forms first and then, if the voltage is sufficiently increased, 
a spark strikes across. 

Whenever corona is present, there is always the characteristic 
odor of ozone. Air consists of a mechanical mixture of oxygen 
(Oz) and nitrogen (N). When air is overstressed electrically, 
the oxygen molecule is split up into O, when it becomes chemically 
very active. The atoms again combine by the law of probability ” 

O 
into O = O, (Oz), the normal state, and 7“ \_ , (Os) or ozone. 
Oe 
Oxygen in the nascent state (O) also combines with metal, organic 
matter, ete., if such are present. Ozone is also not stable and is, 
hence, chemically active; it splits up as O2 and O when the latter 
combines readily with metals and organic matter. If the elec- 
trical stress is very high, the oxygen enters into chemical combina- 
tion with the nitrogen, forming oxides. The energy loss by 
48 
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corona is, thus, in a number of forms, as heat, chemical action, 
light, noise, convection, etc. 

Alternating-current and Direct-current Corona.—When alter- 
nating voltage higher than the critical voltage is applied between 
two parallel polished wires, the glow is quite even, as shown in 
Fig. 25. After operation for a short time, reddish beads or tufts 
form along the wire, while around the surface of the wire there is 
a bluish-white glow. If the conductors are examined through a 


Fie. 25.—Alternating-current corona on polished parallel wires. 


troboscope, so that one wire is always seen when at a given 
half of the wave, it is noticed that the reddish tufts or beads are 
formed when the conductor is negative and the smoother bluish- 
white glow when the conductor is positive (see Fig. 26). Alter- 
nating-current corona viewed through the stroboscope has the 
same appearance as direct-current corona (see Fig. 27, direct- 
current corona). The direct-current corona on the + wire has 
exactly the same appearance as the alternating-current corona 
on the + half of the wave; the same holds for the — wire. 
Further photographs are shown on pages 85 to 89. 

Influence of Wire pacing and Diameter.—For parallel 
wires the gradient at the wire surface, and, hence, where the 


50 DIELECTRIC PHENOMENA 


stress is a maximum and the ‘‘dielectric elastic limit” is first 
exceeded, is 

= Sa sine at (see (12c) page 25) 
where S and r are the spacing and radius in centimeters, 
respectively. 


== Ee 


Fre. 26.—Corona on parallel wires. Iron. First polished and then operated 
at 120 kv. for 2 hours to develop spots. Diameter, 0.168 cm. Spacing, 12.7 
em. Stroboscopic photo., 80 kv.-60 ~~. Stroboscope shifted 180 degrees for 
second photo. 


If eis e,, the observed voltage to neutral at which visual corona 
starts, g, is the measure of the stress at breakdown. The 
expression for this is therefore 

— Cy 
I = Flog, Sir 

If the visual corona voltages are measured for a given con- 
ductor at various spacings, it is found that g, is a constant, inde- 
pendent of the spacing except for extremely short spacings. 
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Wire ‘“‘dead’’. 


ch ig Ait NAIA LA PALLAT 


Fig. 27.—Direct-current corona on smooth wires by Watson. (See Fig. 79.) 


52 DIELECTRIC PHENOMENA 


With regard to size of conductor, it has long been known! that 
air is apparently stronger at the surface of small conductors than 
larger ones. Of course this does not mean that the voltage 
required to start corona is greater for small wires than for larger 
ones (it is, in fact, lower for small conductors at a given spacing), 
but that the term g, or unit stress in the expression 


é, = go T log, S/r 


is greater for air around small conductors than large ones. 

During our first investigations,? to be described later, it was 
found that the relation between the apparent strength of air 
and the radius of the conductor could be expressed by the simple 
formula 


where g, is a constant equal to about 30 kv. per centimeter. 
This means that the stress at the conductor surface at breakdown 
is not the same for all diameters, as already stated, but is always 
constant at a distance a = 0.301 +/r em. from the surface (see 
page 57). 

By substitution then 


ey, = 30 ( + =) r loge S/r crest kilovolt to neutral 
(fe 


or for a sine wave 


é = 21.2 ( + oa r log. S/r effective kilovolt to neutral 
Vr 

Very Small Spacings or Films.—If conductors are placed 
closer together than this necessary free accelerating or ionizing 
distance, 0.301+/r em., the rupturing force or gradient must be 
increased. This will be better illustrated by later experiments, 
in which at small spacings air has been made to withstand 
gradients as high as 200 kv. per centimeter. 

Air Density.—Thus far the discussion has been limited to air 
at a constant density, or in other words, constant temperature 
and pressure. All breakdown values have been assumed to be at 
standard sea level conditions (7.e., 25°C. and 76 em. barometer), 
where the air density factor 6 is taken as equal to unity (1.0). 

1 Ryan, H. J., Trans. A.J.E.E., p. 275, 1904. 

* Pesk, F. W., “The Law of Corona, I,” Trans. A.I.H.E., p. 1889, 1911. 
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Air at other densities is expressed as a fraction of this, that is, 
the relative density for any temperature or pressure is 
£3,925 
273+ 
For instance, if the temperature is kept at 25°C. and pressure is 
reduced to 38 cm. 
Cardia KOS 


1 
273 4 25 = (0b, 50) ore 9 atmosphere 


It has been found, experimentally, that the factor a referred 
to in the previous section varies with the air density as follows: 
= 00 on 

V5 
0.301 
gv = 306( 1 + —— 
( VJ br 
The equation for visual critical corona voltage may now be 
written 


so that 


év = gvdr log. S/r = god (3 y VE) r log. S/r kv. (20) 


/ 6r 


where e, is kilovolt to neutral, g, equals 30 for crest values and 
21.1 for effective sine wave values. 

Conductor Surface, Cables, Material.—F or rough or weathered 
conductors, corona starts at lower voltages. This is taken care 
of by the irregularity: factor m,. For cables and weathered 
wires the complete formula becomes 

€y =n, 0G, 7 log, S/T 
For the same surface condition, the starting point is independent 
of the conductor material. 

Oil and Water, Current in the Conductor, Wave Shape, Etc.— 
Water, sleet, and snow lower the visual corona voltage. 

Oil on the conductor surface has very little effect. 

Humidity has no effect upon the starting point of visual corona. 

Initial ionization over a considerable range has no appreciable 
effect at commercial frequencies. 

Current in the wire has no effect except that due to heating of 
the conductor and surrounding air. 

Wave Shape.—The corona point at commercial frequencies 
depends upon the maximum value of the wave. When results 
are given in effective volts, asine wave isassumed. With peaked 
wave, corona starts at a lower effective voltage than with a 
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flat-top wave. Direct-current corona starts at a value corre- 
sponding to the maximum of the alternating-current wave or 41 
per cent. higher than the effective alternating-current critical 
voltage. See appendix for further data. 

The above summary will now be taken wp more in detail and 
experimental proof given. 


EXPERIMENTAL STUDY OF VISUAL CORONA 


Effect of Spacing and Size of Conductor.—The visual critical 
voltage, or voltage at which visual corona starts on polished 
conductors of a given diameter 
and spacing, at constant air 
density, can be repeatedly 
checked within a small percent- 
age. Visual tests were made 
on two parallel polished con- 
ductors supported indoors on 
wooden wheels in a wooden 
framework. The wires were 
not allowed to come directly in 
contact with the wood but 
rested on aluminum shields (see 
Fig. 28). The object of the 
shields was to prevent the glow 
at low voltages which would 
take place if the wires came in 
contact with the wood. The 
tests were made in a dark 
room, and method of procedure 
was as follows: Conductors of a 
given size were placed upon a 
framework; voltage was ap- 
plied and gradually increased 
until the visual critical corona 
point was reached. Critical points were taken at various spacings 
and recorded as in Table I. Unless otherwise stated tests were 
made at 60 ~. 

As the visual critical voltage e, is the voltage at breakdown 
of the air, the surface gradient corresponding to this voltage must 
be the stress at which air ruptures. This is called the visual 


*PuEK, “The Effect of High Continuous Voltages on Air, Oil, and Solid 
Insulation, Trans A.J.E.E., p. 783, 1916. 


Shield for Small Wire 


== 


Fig 28.—Wire support for visual 
corona tests. 
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critical gradient g,. Where the wires are far apart or S/r is large 
Ch ela cate se 
dn, me log, S/r 


where 
ey = the (maximum) voltage to neutral 
r = radius of the conductor in centimeters 
S = distance between centers of conductors in centimeters 


Values of gradient calculated for a given conductor at various 
spacings are given in Table I (see Fig. 29). It is seen that the 


a1 @ 
oe & 


A 
oS 


Critical Gradient g.-K V/cm maz. 


50 1¢u 5 
Spacing-S-cm Radius of Outer Cylinder -R-cm 
(a) (b) 
Fie. 29(a).—Variation of visual Fie. 29(6).—Variation of visual crit- 


critical gradient with spacing. ical gradient -with radius of outer cyl- 
(Parallel wires. Diameter constant inder. (Concentric cylinders. Diam- 
= 0.034 cm.) eter of inner wire constant = 0.118 cm.) 


TaBLE I.—VisuaL CritTicAL VOLTAGES AND g, WITH VARYING SPACING AND 
ConsTANT DIAMETER 
(Polished Parallel Copper Conductors—Diameter 0.0343 em.—60 ~) 


éy kilovolts between con- | e, kilovolts between con- go kv./em. 

om ductors (effective) ductors (maximum) | (maximum) 
2.54 PAS IE 17.0 99.5 
2.93 12.4 ie: 99.0 
3.18 12.5 lef. 1 98.5 
3.81 13.0 18.4 99.0 
4.45 13.5 19.0 99.5 
5.08 13.8 | 19.4 100.0 
5.73 14.0 19.8 99.0 
7.62 14.5 20.5 99.0 
15.2 16.0 22.6 97.2 
30.5 WT 25.0 97.2 
45.6 18.7 26.3 96.1 
61.0 19.4 27.4 98.0 
106.8 | 20.6 29.0 97.2 


So 


| Average, 99. 
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breakdown gradient is constant, or independent of the spacing. 
This test was repeated for various diameters. The values of the 
gradients are tabulated in Table II and plotted in Fig. 30. 


TasLE II.—VARIATION OF gy WITH DIAMETER OF CONDUCTORS 


(Average Values for Polished Parallel Wire. 60 ~. Corrected to 25 deg. C. 
76 cm. Barometric Pressure) 


de = 'v | t de = 
cara ie Material Rueen ee Material 
(maximum) }| (maximum) Fie 
0.0196 116, Tungsten 0.2043 59.0 Copper 
‘0.0343 99 Copper 0.2560 57.0 Aluminum 
(360.0351 94 | Copper 0.3200 54.0 Copper 
46 9.0508 84 Aluminum 0.3230 50.5 Copper 
"0.0577 82 | Aluminum | 0.5130 49.0 | Copper 
0.0635 81 Tungsten 0.5180 46.0 Copper 
0.0780 76 Copper 0.6550 44.0 Copper 
20.0813 74 Copper 0.8260 42.5 Copper 
i 0.1637 64 Copper 0.9280 | 41.0 Copper 
0.1660 64 ‘| Iron | 


Visual Critical Gradient BEAL 
Two Parallel Wires Buber 

Tyzat Tomb and 25°C = 29.8 (1 +.301 
My = Voltage Gradient eau a) LR 
| BRRREE 
Leds Lb bea z 


| | 


OSL) R28) 14 D6 ite Sie OO cL aS saben Gore omar QE 


Diameterin cms 
Fia. 30.—Variation of visual critical gradient with size of wire. 


The gradient at breakdown at the conductor surface is not 
constant with varying diameters, but increases with decreasing 
diameters of conductors—in other words, air is apparently 
stronger at the surface of small wires than large ones. 

The apparent increase in the dielectric strength of air surround- 
ing small conductors was explained years ago as due to a con- 
densed air film at the surface of the conductor. If this were so, 
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a higher critical gradient would be expected for tungsten than 
for aluminum. That is, the air film should be denser around the 
denser metals. These experiments show that the gradient is 
not affected by the material or density of the conductor. 

The explanation first offered in Law of Corona I,! before the 
development of the electron theory to its present state, was that 
the air at a given density has a constant strength g., but that 
energy is necessary to cause breakdown or start corona. The air 
must be stressed over a finite distance at a gradient of g, or 
higher. For a radial field it must, therefore, reach a gradient 
gv to cause a gradient of g. a finite distance away. The distance 
between g, and g. was called the energy distance. In terms of the 
electron theory, the reason is probably due to the behavior of the 
ionization process under the changing electrostatic field condi- 
tions with a decreasing conductor radius. The electrons and 
ions involved have finite sizes and mobilities, so that it is con- 
ceivable that below certain conductor sizes the breakdown 
process, particularly collision ionization, should be sufficiently 
impaired as to require increasingly higher surface gradients for 
starting corona. The radial field extending out from a conductor 
would, of necessity, require that the surface gradient itself be 
sufficiently greater than the breakdown gradient for a uniform 
field, in order to allow the field for a certain distance out to 
assume breakdown proportions. Interesting linear relations 
for such radial distances at breakdown have been found from the 
experimental data obtained. 

Just before rupture occurs the gradient at the conductor sur- 
face is 


ey 
9° = + Tog. S/r Gi 


the gradient a em. away from the surface is 


€ 
= i ) 
Ge (r + a) log. S/r (22 


Theoretically, one is also led to believe 
o(r) 


Cy 
e ® = GeO) log. SF Be 


It now remains to test this out experimentally and find ¢(r). 


1 Pupx, F. W., Jn. Trans. A.1.E.E., p. 1889, 1911. 


a 
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The equation of the experimental curve is found to be 
0.301 
Jv = Go (1 oF a/V/r) = 29.3( 1 an “oe | (24) 

Substituting (24) in (21) 

es 0.301 = pe 

Bs Vr) rilog. S/r 

ev 


~ (rt 0.301V/r) log. S/r 


Jo 


Iy 


Fic. 31.—g, and g. for small and large wires. 


Thus the experimental values bear out the above theory 
a= o(r) = 0.301Vr 
g = 29.8 = constant 
That is, at rupture the gradient a finite distance away from the 
conductor surface, which is a definite function of 7, is always 
constant (see Fig. 31). 


0.301 ; 
Je = 29.e(1 + se) kv. per centimeter 
Vi 


Fia. 32.—Apparatus for determining the visual corona voltage in concentric 
cylinders. 


A similar investigation made on wires in the centers of metal 
cylinders (see Figs. 29 and 32) shows, as above, that the visual 
critical gradient g, increases with decreasing radius r of the 
wire, but is independent of the radius R of the outer cylinder. 
The relation between r and g, is given in Table V. For a wire in 
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the center of a cylinder, the gradient g, is slightly higher than 
for similar parallel wires, apparently due to the fact that the 
field is everywhere balanced for a wire in the center of a cylinder, 
which is not the case for parallel wires. The expression for the 
apparent strength of air for a wire in the center of a cylinder is 


0.3808 
a 31 il ey oo k 5 i 
u ( ale va) v. per centimeter 


The method of reducing the results to equations was as follows: 
Various functions of r and g, were plotted for parallel wires from 


120 T | x 
z | | | iz ) | H 
| rt; 
80 |_| 4 +H | 
4 Dy a 
al Critical Gradient 
b 


Reducing Relatio: 
g and r 


Gy Kilovolts per em. 
Qa 
So 


aS 


Vr 


Fie. 33.—Relation between gy and 


Table II, until it was found that a straight-line law obtained 
between g, and 1/ /r. All values of g» and 1/ 4/r were then 
tabulated as in Table III and plotted as in curve (Fig. 33). 
Points varying widely from the average straight line were then 


Tasie III.—ReELATION oF VISUAL CRITICAL VOLTAGE GRADIENT 
to Rapius 


(Experimental Values Corrected to 76 cm. Barometer and 25 deg. C. Parallel 


Wires 60 ~) 
gv 1 ee gv : il 

Diameter, lamina, Nadius, ae Diameter, leg /ome Radius, a: 

em. ae r = cm. eo \- em. Gaaz)) 7 = cm. ae 

| | | 

0.0196 116.0 | 0.0098 | 10.10 OsZ02 mero oeiae On LOl es sald 
0.0343 99.0 0.0172 Ga OONIMOPZO Ta le moO. 0.128 2.76 
0.0350 94.0 0.0175 7.58 || 0.320 54.3 0.160 2.51 
0.0508 84.0 0.0254 6.27 || 0.322 49.6 0.161 2.51 
0.0577 81.5 0.0288 5.90 || 0.513 48.8 0.256 2.01 
0.0635 81.0 0.0317 5.64 |} 0.518 44.5 0.259 1.94 
0.078 76.0 0.0390 | 5.08 ||, 0.655 43.7 0.327 1.82 
0.0813 73.5 0.0406 4.96 || 0.826 42.2 0.413 1,57 
0.1635 63.8 0.0818 3.51 || 0.928 40.6 0,464 1,44 
0.1660 63.4 0.0830 | 3.45 
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discarded as probably in experimental error. The remaining 
points were then divided into two equal groups and tabulated as 
in Table IV. 


1 
Taste JV.—RELATION OF gy AND Wis 
r 


(Showing ZA Reduction) 


Vr | | Vr 
7 < ay | { 
99 7.65 | 59.0 3.13 
82 5.90 54.0 2.51 
81 5.64 | 50.5 2.51 
76 5.08 49.0 2.01 
74 4.96 41.0 1.44 
| —— 
412 529.23 | 5253.5 >11.60 
l 
AZgy = 158.5 AS ie 17.63 
fie 
1 
TZgr = 665.5 rE ——= = 40.83 
R 
158.5 
= 9,00 
1 17.63 
665.5 — (9 X 40.8 
j= = apr = 29:8 
10 
Therefore = 29.8 + —= 
F r 


nae 
ed 


In order to give proper weight to the points, the SA method was 
used in the evaluations of the constants for the equation above. 
This method of reduction, which is self explanatory, is very 
convenient and especially suitable where a large number of 
experimental points have been obtained, in which case the results 
are as reliable as, or more so, than when few points are taken and 
the unwieldy method of rene squares used. 

Table V shows the relation of gradient to radius for 
concentric cylinders. 
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TaBLE V.—RE LATION oF VisvAL CriticaAL VOLTAGE GRADIENT TO Rapivs 
(76 cm. Barometer—25 deg. C.—Concentrie Cylinders) 


Radius te R dic." ee ae R dct 
em. e gv 0 i) 
3 me Seen pup Evie eas Oth Ee vena 
| 
| ¢ 
0.059 | 70.4 S 69.0 | 0.327 | 48.1 | & 42.0 
0.103 | 60.7 e 59.5 | 0.476 | 44.9 | 8 39.0 
Oop esid | Ay” @ |; S55 7h0 0,704 Witadlyo: eee ae 
0.129 | 53.6 = BAB oO. 953 Siw 42 AP Nene Vane anaes 
0.190 | 52.7 3 40.5 Gh = 16.E13 NSO; Fads Sle ae as 
0.199 | 52.7 4 {8°52 | 1270 S02 ale. 81 cle nee: 
0.206 | 51.6 = G725 7 USSR SS hae lea Slow oo eee 
0.254 | 49.9 2 CU ae bad Ba Ostet Peay arta Orde ik aa ee | 
a A320 51252540 [WG 35. 0- Ge Meet Ree ine ae 


1 Direct-current values from Watson, Jour. I. HE. E., Fig. 21, June, 1910 

Some investigators have found a maximum difference of 6 per cent 
between the (+) and (—) corona starting voltages. The difference is 
generally small and there is usually fair agreement between direct current 
and maximum alternating current. See additional data in appendix. 


Visual Corona at Very High Voltages.—Since establishing the 
above laws of corona, the author has made tests on parallel 
conductors of over 8 cm. in diameter and at voltages exceeding 
1,000,000. Over this large range the calculated and measured 
voltages check very closely as will be seen by the tabulation of 
this data in the appendix, page 396 (see Fig. 68). 

Temperature and Barometric Pressure.—The density of the 
air varies directly with the pressure, and inversely as the absolute 
temperature. In these investigations the air density at a tem- 
perature of 25°C. and a barometric pressure of 76 cm. has been 
taken as standard. If the air density at this temperature 
and pressure is taken as unity, the relative density at other tem- 
peratures and pressures may be expressed in terms of it, thus 


0.004656 

TLE aay 

the weight of air in grams per cubic centimeter 
= barometric pressure in centimeters 


temperature in degrees centigrade 


1 Perk, F. W., Jr., ‘Tests at 1,000,000 Volts,” Electrical World, Dec. 31, 
1921. 


where 


Il 


ee eS OS 
I 
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At 25 °C and 76 cm. pressure 


We5°-76em. = ree = 0.001185 gram 
w at any other temperature and pressure is 
_ 0.004656 
Teoh 
ae 0.00465b Pere 5 
Wane gee. (Lie + 0.001185 . 273 =e 
BY hee 92b 

23 +8 


go should vary directly with the air density factor 6; g,, how 
ever, should not vary directly with 6, as the thickness of the 
ionizing film should also be a function of 6. The equation for 
gy should take the form 


=9(1 + (25) 


3@) OR, 

Whether 6 is varied by change of temperature or air pressure, 
the effect should be the same as long as the temperature is not 
so high that the air is changed or affected by the heat, as ioniza- 
tion, etc. 

Temperature.—A series of experiments on visual corona was 
carried on over a temperature range of 20 to 140°C. The appa- 
ratus is shown in Fig. 32. It consists of a polished wire in the 
center of a brass cylinder. The cylinder was placed horizontally 
in a large asbestos lined ‘“‘hot box,’ heated by grids at the 
bottom. In order to get uniform temperature, the cylinder 
was shielded, and time was allowed to elapse after each reading. 
Temperature was observed by a number of thermometers dis- 
tributed in the hot box. 

After the heating became uniform, voltage was applied and 
gradually increased until the glow appeared. The central con- 
ductor was observed through a window placed in the front part 
of the box so that the whole length of the conductor could be seen. 
It was found that it made no appreciable difference in the starting 
voltage whether or not the box and tube were “aired out” after 
each test. 

Three sizes of brass cylinders were used having inside radii of 
8.89, 5.55, and 3.65 cm., respectively. The central conductors 
ranged in size from 0.059 to 0.953 em. radii. Tables VI and VII 
are typical data tables. 
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Tasie VI.—VanriaTion or STRENGTH oF AIR WITH TEMPERATURE 
For Polished Copper Tube Inside of Brass Cylinder 


r = 0.953 R = 5.55 em. Tests at 60 ~ 
Observed values Calculated from equation 
he ae _ bem. F) gv(max.) g’»(max.) 
| 
48.5 | 18 75.4 1.016 40.7 41.4 
46.5 37 (ioe 0.954 39.1 3oet 
45.2 50 75.4 0.915 38.0 Bil et 
43.4 66 (ioe 0.873 | 36.5 36.2 
41.0 85 75.4 0.826 | 34.5 34.5 
39.6 100 75.4 0.793 33.0 33.3 
37.6 119 75.4 0.754 31.6 31.9 


TaBLE VIJ.—VARIATION OF STRENGTH OF AIR WITH TEMPERATURE 
For Polished Copper Tube Inside of Brass Cylinder 


r = 0.476 cm. R = 5.55 em, Tests at 60 ~ 
Observed values ; | Calculated from equation 
Ky. z 
effective v b é gv(max.) | g’»(max.) 
41.0 —13 75.5 1.139 49.6 50.0 
40.0 0 TABS 1.084 48.3 48.0 
37.0 20 74.9 1.001 44.8 44.9 
SOmt 41 75.5 | 0.942 43.2 42.7 
33.2 70 TOGO 0.863 40.1 39.7 
31.5 87 (O40 | 0.823 38.1 38.1 
29.5 121 75.5 1 O2753 ahaha 35.4 
2S 130 75.5 0.734 34.7 34.7 


Columns 1, 2, and 3 give observed values. The gradient at the 
surface of the inner cylinder is 
e 


4 ~ log. R/r 


Column 5 gives the surface gradient for the voltage e, calculated 
directly from observed values. It can be seen, from the data, 
that g, for a given r varies with 6 but is independent of F or S. 

By =A reduction of all of the data, the following equations 
connecting g, with r and 6 were obtained: 
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For Concentric Cylinders. 
0.308 , : 
» = 316(1 + —S— ) kv. per centimeter maximum (25a) 
Jv = 3 ( ee =) Pp 
For Parallel Wires. 


ge = 29.8¢(1 + 


0.301 
V or 


) ky. per centimeter maximum (25b) 


a 
b = These Curves show Straight Line Relation! 
1g 20 —_ | between QJy and WF for Constant 6 
K 
10 a Therefore at given 6:-Jy=IT 9 (14+ Vr) 
0 
tt) 5 1.0 fF LO 2-5 S09 S:5) 40 


Wr 
Fia. 34. —Effect of temperature on the strength of air. X measured values. 
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Fia. 35—Effect of temperature on the strength of air. (r = radius of wire 
in cm. X measured values. Drawn curves calculated.) 


Referring to the tables, column 6 gives values of g, calculated 
from equation (25a). By comparing with the experimental 
values in column 5 it is seen that the difference is generally less 
than 1 per cent. 

go has a slightly higher value for wires in a concentric cylinder 
than for parallel wires. This does not mean that the strength 
of air differs in the two cases. For a wire in a cylinder, the field 
is balanced all around and should give more nearly the true value. 


~ 
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In Figs. 34, 35, and 36 the drawn lines are the calculated values, 
while the crosses are the observed values. 

Barometric Pressure.— It will be noted in Fig. 36 that while the 
calculated curve is almost a straight line down to 6 = 0.5, below 
this point there is a decided bend to zero. The lower part of this 


3 70 
rela is Pe ie a 
60 yy J 
BeShis 


rN 


Gees pepe aco 
peecaueeeesee 
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Fig. 36.—Effect of temperature on the eee of air. (X measured values. 
Drawn curves calculated.) 


Iv (K.Y. per cm ) 
- 
Ss 


curve was drawn from calculations. In order to check experi- 

mentally the above law over a wide range of 6, and also to show 

that the effect was the same whether the change was made by 

varying temperature or pressure, tests were made over a large 

pressure range. A glass cylinder lined with tin foil 7.36 cm. in 
| . 


[wayursey, 


Tin- Foil 
Term i J—A“\$' SH 


49,7 cm 


Wooden Support 


Fia. 37.—Apparatus for determining the effect of pressure on strength of air. 


diameter with a small slit window in the center was used for 
this purpose (see Fig. 37). Tests were made on wires 0.508 to 
0.157 cm. in diameter, and a pressure range of 1.7 to 76 cm. 
Table VIII is typical of observed and calculated values. Fig. 
38 shows how these follow the previously predicted curve. A 
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ZA reduction of the values also confirms the above formule. 
For concentric cylinders 


= 316(1+ Gene max. kv. per centimeter 
Jv =" a/ br “a. . p 
For parallel wires 


0.301 F 
go = 306 { 1 + — = } max. kv. per centimeter 
/ or 


TasLE VIII.—VARIATION OF STRENGTH OF AIR WITH PRESSURE 
Diameter of Brass Rod = 0.381 em. in 7.36-cm. Diameter Glass 
Tube Covered with Tn Foil—60 ~ 


ri ee Genel se Sens Hee oe 
Pres. Volta Temp 5 = | aa Gi Take | ee aa oso 
abs. read ee 3.92b | 7dogeR/*) measured 313(1 =e Sn 
cm. Hg (eff.) hie J ‘| kv./em. (eff.) po kv./em 
5.3 2,880 | 27.0/}0.069 5.08 7.19 7.80 
10.7 4,580 | 24.0/0.141 8.C9 11.45 12.40 
1232 4,920 | 27.0|0.146 * 8.68 12.28 12.15 
19.3 7,400 | 27.0| 0.252 13.06 18.47 18.58 
Alot 9,550 | 27.0| 0.362 16.87 23.85 24.06 
36.6 12,000 | 27.0|0.478 21.20 30.00 29.60 
46.4 14,450 | 25.0) 0.612 25.50 36.07 35.70 
47.0 14,600 | 27.0|0.614 25.80 36.50 35.80 
55.7 16,300 | 27.0|0.728 28 .80 40.75 40.75 
60.0 17,760 | 25.5)0.792 31.35 44.30 43 .50 
66.0 18,400 | 27.0| 0.867 32.50 46.00 46.75 
75.0 21,100 | 25.0|0.997 37.25 52.70 52.25 


Wire Radius=,254 ¢m, 
o=Experimental Values 
Drawn Curve -Calculated Values 


Women ee Bp ee 
> sist 
Fig, 38.—Effect of pressure on the strength of air. 
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The above equation was afterwards verified by other research 
workers! and found to hold down to a few centimeters pressure. 
S. Whitehead has plotted the results of several of these observers! 
(see Fig. 39) to show this relation between the surface gradient 
of a wire in a cylinder and pressure with various gases. The 
rate of increase of the dielectric strength with pressure is seen 
to vary for the different gases which would thereby introduce 
different constants into the re aoe 
above equation. The effect Ciel areal 
of polarity wiil be discussed sono} 
later (see page 166) as well 48,000 
as the apparent anomalies 


E 40,000 

existing in the breakdown of . § 
35,000 

gases (see page 167). $ 
Electric Strength of Air = 30,000 
Films.—It is interesting to 5 25,000 
speculate what will happenat © raeos 

very small spacings or when i 

the distance between conduc- #000 
tor surfaces is in the order of 10,000 
a (see Fig. 40). 5000 


PCO Ws: oy rey) 


Pressure,cm. 


a the free ‘‘accelerating”’ 
A eee : 
i in istance is then 
ee distance T'1c. 39.—Relation between d.c. surface 
ae sit limited, a greater breakdown gradient of wire in cylinder 
force or gradient should be and pressure, for various gases and polar- 
- : ities. 
required when the distance 
between the conductors approaches a. Experiments were made 
to determine this, using spheres as clectrodes. The ideal elec- 
trodes for this purpose would be concentric cylinders, but the use 


CO) GYOCGS 
b “nee Aine k bess than 
Fic. 40. 


of these, as well as parallel wires at small spacing, seemed im- 
practicable. Spark-over and corona curves were made on spheres 


1WurrTenEaD, S., “Dielectric Phenomena, Electrical Discharges in 
Gases,” p. 99, Ernest Benn, Ltd., London. 
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ranging in diameter from 0.3 to 50 cm. and spacings from 0.0025 
to 50cm. This discussion applies only to spacings up to 2k where 
corona cannot form. : ‘ 

In these tests a 60-cycle sine wave voltage was used. For the 
small spacing the spheres were placed in a very rigid stand. One 
shank was threaded with a fine thread, the other was non-adjust- 
able. In making a setting the adjustable shank was screwed in 
until the sphere surfaces just touched, as indicated by completing 
the circuit of an electric bell and single cell of a dry battery. 
A pointer at the end of the shank was then locked in place, after 
which the shank was screwed out any given number of turns or 
fraction of turns, as indicated on the stationary dial. For 
larger spacings other stands were used. 

A typical spark-over spacing curve and corona spacing curve 
is shown in Fig. 41. Theoretically, up to a spacing of 2R, corona 
cannot form, but spark-over must be the first evidence of stress. 


SE ernie 
Sees ae 


ie SNe 
CCL AB 


Kilo-Volts 


er ee eis 

Spacing -X- Spacing -Y¥- 
Fia. 41.—Variation of corona and spark- Fic. 42.—Variation of strength 
over voltages with spacing for spheres. of air with spacing for spheres. 


Practically, corona cannot be detected at 60~ until a spacing 
of 8R isreached. This is because, up to this point, the difference 
between the corona starting points and the spark point is very 
small. Above 8R the spark-over curve approaches a straight 
line, as in the case of the needle gap curve. The corona curve 
above 2R and the spark curve below 2R are apparently continu- 
ous. The gradient curve (Fig. 42), is calculated from the voltage 
curve (Fig. 41). Where the spacing is less than 0.54+/R, the 
gradient increases first slowly and then very rapidly with decreas- 


ing spacing. Between X = 0.54-/R and 2R the gradient is very 
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nearly constant. Above about 3R spacing the gradient appar- 
ently increases. This apparent increase is probably due to the 
effect of the shanks, etc., which become greater as X is increased. 
The effect of the shanks is to distribute better the flux on the 
sphere surface and cannot be taken account of in the equation 
for gradient. This was shown experimentally by using different 
sizes of shanks at the larger spacing. Thus, when the spacing 
is greater than 3R, the sphere is not suitable for studying the 
strength of air, as the gradient cannot be conveniently calculated. 
It is, hence, not a suitable electrode for studying corona, as 
corona does not form until the spacing is greater than 2R. 
The maximum gradient at the surface of a sphere (non-grounded) 
may be calculated from the equation.! 


ae ay (13a) 


where X is the spacing 
E the voltage 


f= 1a(p +1 + (X+1)"+8) 


The gradient for the non-grounded case may be conveniently 
calculated by use of the table on page 28. The gradient on the 
line connecting the sphere centers at any distance a from the 
sphere surface may be calculated from the complicated equation’ 


E 
ULE 5% 


| ox xx +1) +.4(5 - ‘ W- »| 
[xe +1) -4($-0) ¢-1)| 


Some of the experimental values are given in Tables IX and X. 
Typical voltage gradient curves are shown in Figs. 43, 44, and 45. 


1 Duan, G. R., G. HE. Rev., Vol. XVI, p. 148, 1913. 
2 Dran, G. R., also Phys. Rev., December, 1912, April, 1913. 
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TaBLe IX.—Spark-over or SpHeres aT SMALL SpActnas 
Brass Spheres R = 3.33 cm., Diameter = 2-5/8 in.—60 ~ 
x Spacing €mazx> ¥ 
$ = Qmax- 
Reeds. hy eee gees 
In. Cm 273 +t (corrected) kv./em 

0.001 | 0.00254 0.363 1.028 0.497 196.0 0.00076 
0.002 | 0.00508; 0.53 1.030 0.729 143.6 0.00152 
0.003 | 0.00762} 0.654 (Oe 0.899 TIES} oi 0.00228 
0.004 | 0.01016) 0.775 1.026 nO 105.2 0.00305 
0.005 | 0.0127 0.84 1.016 elie 92.3 0.00382 
0.010 | 0.0254 1.07 1.000 1.52 60.0 0.00764 
0.020 | 0.0508 1.85 1.002 2.62 51.8 0.01528 
0.040 | 0.1016 33 1.002 4.62 45.9 0.03056 
0.075 | 0.1905 5.43 1.002 7.66 41.0 0.05730 
0.100 | 0.254 6.92 1.002 9.77 39.5 0.0764 
0.209 | 0.508 12.40 1.002 L750 33.3 0.1528 
0.300 | 0.762 17.70 1.002 25.00 35.4 0.2292 
0.400 | 1.016 22.70 1.002 32.00 34.8 0.3056- 
0.500 | 1.270 Zheto 1.002 39.20 34.9 0.382 


x 


TABLE X.—SPARK-OVER OF SPHERES AT SMALL SPACINGS 
Brass Spheres R = 12.5 cm., Diameter = 9.84 in.—60 ~ 


SS a an a (| (cc (a cS 


Spacing 


In. 


Cm. 


; emaz. Qmar. 

eff. eef f- €mar 
Kv. Gan = =e ax f eb 

‘i (corrected) | kv./cm 
0.807 1.023 PG 87.9 0.00101 
1.220 1.021 1.689 66.5 0.00203 
2.050 1.031 2.849 55.9 0.00406 
3.38 1.022 4.68 46.2 0.00813 
403 1.020 9.75 38.6 0.0203 
12.54 1.012 17.44 34.8 0.0406 
eo 1.016 24.92 33.9 0.0609 
22.82 1.010 31.76 32.0 0.0812 
27.63 1.010 38.67 31.5 0.1016 
53.0 1.000 74.90 31.6 0.2032 
75.3 1.000 106.30 30.9 0.3048 
96.4 1.000 136.20 30.9 0.4064 
117.4 1.000 166.00 Bt 0.5080 
139.2 1.000 196.90 31.2 0.6096 
158.0 1.000 223.40 il 4a} 0.7112 
174.9 1.000 247.10 31.0 0.8128 
199.8 1.000 269.50 31.0 0.9144 
203.6 1,000 287.20 30.8 1.0160 
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In Table XI are tabulated, for different sizes of spheres, the 
spark-over gradient at the constant part of the curve, the aver- 


age gradient between X = 0.54>/R and X = 3R, and the approxi- 
mate minimum spacing at which the gradient begins to increase 


Taste XI.—Maximum RupruninG GRADIENTS FOR SPHERES 


(Average for Constant Part of the Curve) 


R Spacing X, where gs begins we max. ky./em. for constant 


Radius in ern. to increase (cm.) part of curve 
0.159 0.18 63.8 
0.238 0.25 55.6 
0.356 0.26 51.4 
0.555 0.40 46.9 
1.270 0.51 40.0 
2.540 0.85 36.8 
B20. se DL” Pilate mee seaxn wean nae 35.8 
3.330 0.95 34.8 
6.25 1.30 32.5 

12.50 2.0 31.3 
250004 Oa. My Wine: Sante aeeree eee eee 30.0 
Lis} 5 
60 
55 
sot 
45 


_ 
o 


Gradient Max. Kilovolts percm, 
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Fie. 46.—Variation of the apparant strength of air with sphere radius. 
Points measured gradient from constant part of curve. Drawn curve, 
calculated from equation (27). 


in value. The gradient-radius curve is plotted in Fig. 46. This 
curve is very closely given by the equation 


9. = a(1 + eal (27) 
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which has exactly the same form as the similar curve for cylinders. 
The value of g, is, however, lower than for the balanced field of a 
wire in a cylinder. 


For a wire in a cylinder g, = 31 | Go = 3i(1 4 a) (25a) 
For parallel wires Goo 508 gn 30(1 + “F) (25b) 
r 
54 
For spheres Go = 27.2 go = 27.2(1 + aa) (28) 


It is probable that the average breakdown gradient of air is 
31 kv. per centimeter, as represented by the balanced field. It 
is apparently less for parallel wires due to the unbalanced field 
and still less for spheres where 
the field is unbalanced to a 
greater extent. 

The curve between the 
sphere radius and the ap- 
proximate minimum spacing 
below which the gradient be- 
gins to increase appreciably 
is plotted in Fig. 47 from 


Oo 


Pee pe 


Cie CE et 5 
ANN & Oo & 


X - Distance between Spheres 


5 Omi 28495) 65 S98 10017 31251314 
Table XI. The curve is rep- Radius in Centimeters 


resented by the equation Fig. 47.—Sphere spacing below which 


oe 0.544/R (29) apparent strength begins to increase. 
which means that when the spacing is less than 0.54./R the 
gradient increases in value, at first slowly, then very rapidly. 

It is now interesting to investigate the meaning of equation 
(27). In Fig. 48 the exact gradient is plotted from equation (26) 
for different distances from the sphere surface on the line con- 
necting the centers and at given spacings as indicated by the small 
diagram in the upper corner of the figure. It is seen that for 
small distances from the sphere surface, the curves for the differ- 
ent spacings fall together. Over the small range the gradient 
ga. at any point a centimeters from the sphere surface on the 
center line may be found approximately from 


ga CE 285 e) f (30) 


The only reason for giving this approximation, which holds 
only for very small values of a and is only true when a = 0, is 
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that (26) is too complicated to handle. The error due to this 
approximation is shown in Table XII. 


TasLe XII 
R = 1.27 cm. R= 12.5 em. 
Energy distance, a = 0.27VR = 0.3 cm. | Energy distance, a = 0.95 cm. 
q Ex act A ele. ; x | bs Bit A peren x 
| 
0.0 39.9 39.9 0.76 0.0 31.3 31.3 oa 
0.1 | 34.6 34.0 | 0.7€ || 0.2 30.3 30.3 4 
0.2 31.9 30.0 0.76 | 0.4 29.5 29.4 4 
0.4 29.7 24.1 Wet, 9 Wee 28.6 28.5 4 
| 0.8 28.3 | 27.7 4 
0.0 39.9 39.9 P27 Seer 27.5 26.9 4 
0.1 34.2 33.4 1.21 
0.2 30.5 29.5 1.2155 Ne Os0 31.3 31.3 10 
0.4 | 26.5 23.7 fa RT 30.3 30.3 10 
| 0.4 29.5 | 29.4 10 
| 0.6 | 28.6 28:7 10 
| 0.8 28.0 PHA Ne ANU 
| 1.0 | 27.5 26:9 4-40 
Then 
E. E./R : 
ja. = OS f= R (x!) exact mathematical (13a) 
. = go 1 + —_) experimental for approximately 
fe Ol a ee) constant part of curve (27) 
Be E : : 
Ja = TR + 2a) (z a ) approximate mathematical (30) 
Equating (12a) and (27) 
Gd) = o(1+ 
aN VR 
E. R 
ame = (x) J 
(R + « VR) \ 
which is the same form as (30) and means that at a distance 
cc vi R _ 0.54/R 
—~— = ena = 0.27V/R em. 


from the sphere Bar the gradient at rupture is always approxi- 
mately constant and is g.. As breakdown must take place at 


approximately a = 0.27+/R em. from the sphere surface, the 
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gradient should begin to increase at the spacing 2a = 0.54~/R. 
This is approximately so, as shown in Fig. 47 and equation (30). 
The increase is at first slow at X = 2a and very rapid at X = a. 
Figure 48 shows that, at a = 0.27-/R, the gradient is not exactly 
constant for different spacings or the curves do not fall together. 


aaa 


een Spheres 
feist bal 


Ja = Gradient on Line | 
AB at Distance 

a@ from Surface of Sphere 
12.5 cm. Spheres 
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a 
Distance from Surface of Sphere 


Fie. 48.—Gradient at different points on line through centers of spheres. 
Calculated from (26). 


This means that g, and <« in equation (27) cannot be exactly 
constant for a given radius but must also be a function of X. 
This is experimentally shown to be the case, as there is a slight 


variation over the range X = 0.54./R and X = 2R. 
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Fig. 49.—Variation of the apparent strength of air with frequency. 


Influence of Frequency on the Visual Gradient.—The effect 
of frequency on gy for the practical range of 25 to 60 cycles, if 
any, is very small and can be neglected. A few measurements are 
shown in Fig. 49. For the test range it is difficult to:tell whether 
the slight variations are due to changes in wave shape or to fre- 
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quency. There is a possibility of frequency entering this as a 
function 


Qa 

w= a(t + save) 
Investigations up to 1000 cycles show very little if any change. 
In this investigation the sine wave voltage was measured with a 
static voltmeter calibrated at 60 cycles. Measurement at 30,000 
cycles (sine wave from a generator) made by the static volt- 
meter showed a slightly lower voltage than at 60 cycles.!_ Direct 
current points by Watson are given in Fig. 49. See appendix. 
Over the commercial range of frequency, however, there is 
no appreciable effect of frequency. For transient corona see 
appendix. 

Corona Caused by Lightning and Impulse Voltages of Short 
Duration.—An extensive investigation has shown that lightning 
and impulse voltages, lasting less than a millionth of a second, 
cause corona which has most of the characteristics of that caused 
by continuously applied voltage.’ 

For large conductors at atmospheric pressure, the impulse 
critical corona voltage is approximately the same as for direct 
current, while for smaller conductors and at reduced air pressures, 
the impulse critical voltage is relatively higher. The appearance 
of the discharge for a (+) and (—) conductor is the same as for 
the corresponding direct current. 

Effect of Oil, Water, or Dirt on the Visual Corona Point.— 
These tests were made in a manner exactly similar to the dry 
tests. In the oil tests, the surface of the wire was coated with a 
thin, even film by means of an oiled cloth. For the wet tests 
water was sprayed on the conductor surface before each reading 
by means of an atomizer. Figs. 50 and 51 are dry, wet, and oil 
curves for two different sizes of wire. 

Vor spark-over, both water and oil have approximately the 
same effect, that is, give very nearly the same spark-over voltage 
for all sizes of conductor. The curves very closely follow the 
needle-gap curve. 


1 See pp. 106, 107. 

* Pork, F. W., Jr., “The Effect of Transient Voltages on Dielectrics I,” 
Trans. A.J.H.E., Vol. XXXLYV, p. 857, 1915. 

“The Effect of Transient Voltages on Dielectrics III,” Trans. A.l.E.E., 
p. 940, 1923. 
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For corona, water very greatly lowers g,. Oil lowers gy but to a 
much less extent than water. When the conductor is very small, 
the percentage increase in diameter, due to oil, more than com- 
pensates for the lowering effect. The approximate apparent 
visual corona gradient for oil- and water-coated conductors may 
be found. . 
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Figs. 50 and 51.—Spark-over and corona voltages for parallel wires. (Wire | 
surfaces dry, wet, and oiled. Max. ky. to neutral. 6 =1. Fig. 50.— Wire 
radius 0.205 em. Fig. 51—Wire radius 0.129 em.) 
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Fic. 52.—Apparent strength of air around wires with wet and oiled surfaces. 
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If a water-coated wire above the visual corona point is exam- 
ined in the dark, it has the appearance of an illuminated atomizer. 
The surface quickly becomes dry. 

Dirt on the surface of the conductor, by increasing the gradient, 
causes local brush discharges, and if the surface is rough, corona 
starts at a lower voltage. This is taken care of in the formule 
by an irregularity factor m, (see pages 81 and 191). Thus, for 
a weathered or oxidized wire 


ee) 
V or 

The corona starting voltage for wet or oiled wires may be 
found by calculating g, in the above equations and substituting 
in equation (20). 

Conductor Material— With the same surface condition the 
visual corona point is independent of the material. This is shown 
in Table II. “3 

Humidity.—Tests made over a very wide humidity range show 
that humidity has no appreciable affect upon the starting point 
of visual corona provided the conductor surface is dry. . After 
corona is present humidity has an affect on the spark-over 
voltage. This is duscussed in Chap. IV. 

Ionization.—Change of initial ionization of the air even to a 
considerable extent has no appreciable affect on the starting point 
of corona. This was found by test by increasing the voltage 
on the wire in the cylinder until considerably above the corona 
voltage, and then, while the cylinder was full of ionized air, lower- 
ing the voltage below the corona point and again raising it until 
glow appeared. The starting point was not appreciably changed. 

Flooding a conductor with ultra-violet light from a mercury 
are or similar source has also been found not to affect greatly 
the corona starting voltage. Initial ionization has been found 
to reduce the time lag of breakdowns, however, and introduce a 
steadying effect on the values of rupturing voltage read. This 
results because of the continued presence of ions for starting 
ionization the instant breakdown field stresses are reached. 

Current in Wire.—A test was made to see if heavy currents 
flowing in the wire would change the starting point of visual 
corona. The test arrangement was as shown in Fig. 53. 

Tests were made with both alternating-current in phase and 
out of phase, and direct-current in the wire. The results are 


gv = gamve(1 = 
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given in Tables XIII, XIV, and XV. The temperature of the 
wire was measured by the resistance method. The values in the 
last column are all corrected from the wire temperature to 6 = 1. 


Fie. 53.—Apparatus for measuring corona starting point with current in the 
wires. 


If the current has no appreciable effect, as appears to be the case, 
these should all be equal. The variation is probably due to 


TaBLE XIII.—Corona STartine Point witH CURRENT FLOWING THROUGH 


WIRE 
Concentric Cylinders 
Radinsionm wilGeeeer nmin ae Oe A rd oe Sa 0.129 cm. 
RAC ISCOMC VIN ether str tme et Shue wee orcs wer 5.46 cm. 
Average 
Kv. eff. pee ad es _[Barom. em.) yi tome) gv fees: 
oe Aire) Wire. | , ; 
20.0 0.0 26 26 75.6 0.991 | 58.4 58.9 
19.7 15.2 26 Cor a detest 0.970 | 57.5 59.2 
19.4 Jikto = 26 UF neg Soe | 0.922 | 56.7 61.4 
18.5 39.0 26 GLP ee oc 0.878 | 54.1 61.6 
17.8 49.2 26 See 2 0.824 | 52.0 63.1 
16.9 75.0 26 TOOMERI Egon 0.753 | 49.4 65.6 
20.4 0.0 23 Die. dt cn a 1.000 | 59.6 59.6 
20.3 18.0 23 De Ie ee, ae 0.987 | 59.3 59.9 
19.4 33.0 Me Dele iii Ns RS L0r917 01 ) 5627 61.8 
17.9 50.8 ZR Ce alia nee ee | 0.813 | 52.2 64.2 
12.9 99.6 S20 Oe tc nian oe | 0,500 | 37.6 75.2 
16.4 67.6 26 LOQe et oy | 0.790 | 47.9 60.6 
13.9 78.6 GaN ete. eee, Pe 0.610010-40¢8 67.0 
16.1 61.6 26 144}... | 0.710 | 47.0 66.2 
es nese ee et 
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Tapue XIV.—Corona Startine Pont witH CurRRENT FLOWING 
THROUGH WIRE 


Concentric Cylinders 


Raditiy of witenty cts oh scoot eee ae 0.205 cm. 
IRadivisior. cylindric tee eee 5.46 cm. 
Average 
temperature Haronicen: 8 (using | ie gv reduced 
| a ie wire temp.) tos=1 
Air Wire | 
25.3 14 (d.c.) 23 23 76.2 1.01 53.15 52.6 
25.2 0 23 23 76.2 1.01 53.0 §2.5 
25.2 14 (a.e. 23 23 75.8 1.005 52.8 52.6 
in phase) | 
25.1 14 (a.¢. 23 23 75.8 1.005.| 52.6 52.3 
out of phase) | 
25.1 0 23 23 75.8 1.005 52.6 52.3 
25.2 0 24 24 75.25 0.994 | 52.8 53.2 
25.2 14 (d.c.) 24 30 75.25 0.974 52.8 54.3 
25.2 34 (d.c.) 25 60 75.25 0.886 52.4 59.1 
23.8 56 (d.c.) 29 60 75.25 0.886 50.0 56.3 
23.3 70 (d.c.) 30 73 75.25 | 0.853 48.8 57.3 
21.8 HBCE(GOMEN | 8 bes 110 75.25 0.771 45.7 59.2 
25.0 60 (d.c.) 31 31 75.25 | 0.971 | 52.4 53.9 
25.0 0 31 Sle eos eo 0.971 | 52.4 53.9 
24.8 23 (a.c.) 31 44 75.25 | 0.931 | 52.0 55.8 


difficulty in getting the exact temperature of the air. The air 
immediately surrounding the wire is assumed to be at the same 
temperature as the wire. This causes a correction that is too 
large. Current flowing in a wire thus, probably, does not 
appreciably effect the corona point unless the temperature of the 
wire is increased. 


TaBLE XV.—Corona STARTING PoInT WITH CURRENT FLOWING THROUGH 


WIRE 
Concentric Cylinders 
Radiusiof ‘witescstec ek aki es cae ee 0.476 cm. 
Radrmusiof cylinderse. coer eee tne 5.465 cm. 
Average | : 
Ky. eff. | Amp. d.c. temperature Barom. cm. . es gv ee 
a= wire temp.) tod=1 
Air | Wire 
36.5 44.3 45 


36.5 
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Stranded Conductors or Cables.—While the visual critical 
corona point is quite sharp and definite for wires, it is not so for 
cables or standard conductors. Corona, after it first appears, 
increases gradually for a considerable range of voltage until a 
certain definite voltage is reached, where the increase is very 
rapid. The first point has been called the local corona point and 
the second point the decided corona point. The curve (Fig. 54) 
for these corona points is compared with the curve for a smooth 
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Fic. 54.—Apparent visual critical corona voltages for parallel cables. 
Numerals denote number of strands: I, polished copper wire; II, decided corona 
on cable, o; III, local corona all along cable, x. 


conductor. The starting point for cables may be found by the 
use of an irregularity factor m,. 


gv = gamo( 1 = b. ) kv. per centimeter 


where m, = 0.82 for decided corona 
m, = 0.72 for local corona 
ry = overall radius of cable 


This applies to cables of six strands or over. 

It is interesting to note that, for the decided corona point, the 
visual critical voltage of a cable is about 3 per cent. lower than 
that of a wire with the same cross-section, or, more exactly ‘“‘the 
diameter of a solid wire with the same critical voltage is about 97 
per cent. that of the wire having the same cross-section as the 
eable.”! This is shown in Table XVI. This irregularity factor 
is further discussed on page 191. 


1 WuirTrHeaD, J. B., Trans. A.J.E.E., p. 1857, 1911. 
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| TaBLeE XVI.—EFrect oF STRANDING 
Whitehead, A.I.E.E, June, 1911, Table III 


Diameter|Diameter solid| Diameter solid| Pitch of spiral 


Cables, | | 

strands a“ of equal seine ace C/B C/A : 
outer a section ca : 
layer (A) (B) (C) Cm. Diameters 


3 0.349 0.272 0.247 0.907 |0.708} 3.81 10.9 
4 0.404 0.332 0.320 0.965 |0.792| 3.49 8.6 
5 0.45 0.381 0.370 0.971 |0.822) 4.44 9.9 
6 0.49 0.430 0.420 0.975 |0.857| 6.02 i183 
a 0.541 0.480 0.465 0.969 0.868} 6.66 i2e3 
8 0.589 0.530 0.516 0.975 |0.877| 6.35 10.8 
9 0.64 0.581 0.567 0.977 |0.886| 6.98 10.9 
3 0.336 0.27 0.307 0.767 |0.616| None None 
t 0.378 OF312 ee 0.802 |0.665, None None 


Conductors of the Same Potential Close Together.—When 
conductors of the same potential are arranged close together, the 
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Fic. 55.—Arrangement for two Fie. 56.—Critical voltage on two 
conductors at same potential, and conductors at the same potential and 
plate. various separations (see Fig. 55). 


critical breakdown voltage is much greater than that of a single 
conductor or when they are far apart. The simplest case, that of 
two, is shown in Fig. 55. The two conductors for a given test 
were kept at a constant distance S/2 from the ground plate. 
Potential was applied between the conductors and plate. The 
separation m was then varied and critical voltages read at differ- 
ent spacings. Refer to Fig. 56 (0.163-cm. wire 30 cm. from neu- 
tral plane). When m = 0, e, = 31.5 eff. As the spacing m was 
increased, e, increased to a maximum of 35.8 kv. With increas- 
ing m, é, then gradually decreases to a constant value which is the 
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same as that for a single wire. The maximum voltage is about 5 
per cent. greater than the critical voltage of a single conductor of 
the same cross-section. 

With the same amount of conductor material, much higher 
voltages can be used without corona loss when the conductor is 
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Fia. 57.—Conductors of the Fie. 58.—Critical voltages for conductors 
same potential arranged in a arranged as in Fig, 57. 
triangle. 


split up into three or more small conductors, properly arranged, 
than with a single conductor. The results of tests made on a 
single-phase line with split conductors arranged in a triangle, 
as in Fig. 57, are given in Fig. 58. Figure 58 shows curves for a 
single split wire and also for a single wire of a cross-section equal 
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Fig. 59.—Critical voltage of conductors arranged as in Fig. 57 (S = constant 
= 40 cm., m varying.) 


to that of the three split conductors. Figure 59 shows how the 
voltage varies with varying m. 

With the split conductor arrangement, in the special case given, 
the critical voltage is from 20 to 30 per cent. greater than that of a 
single wire containing the same amount of material. 

Whitehead has made similar tests on three wires in a triangle 
and also four wires placed on a square in the center of a cylinder. 
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He finds 16 per cent. increase for three wires and 20 per cent. 
for four over the critical voltage of a single conductor of the same 
total material. 


STROBOSCOPIC AND PHOTOGRAPHIC STUDY 


Photographic Study.—A photographic study of corona on wires 
and cables was made as follows: Two parallel conductors were 
spaced 122 cm. between centers. The camera was focused 
on one conductor only. The distance to the lens was such 
as to show the conductors at approximately actual size. An 
exposure was made for a given time at a given voltage. The 
plate was then shifted slightly, the voltage increased, and a 
second exposure was made for the same time. That is, a given 
series shows that same part of the same single wire at different 
voltages. This operation was repeated until the series for a 
given wire was complete. A glass lens was used unless otherwise 
stated. These photographs are shown in Figs. 60 to 67. 

Photographs 66 and 67 were made to show the effects of mois- 
ture. In Fig. 66 the stranded cable was brought up to the critical 
point. Water was then thrown on the cable. The result is 
shown in Fig. 67. What was a glow at the surface of the dry 
cable became at the wet spots, a discharge extending from 5 to 8 
cm. from the conductor surface. The discharge has the appear- 
ance of an illuminated atomizer. Figure 68 shows corona 
photographs taken at voltages close to 1,000,000 volts. 

Diameter of Corona.—On a smooth wire the boundary line of 
corona appears to be fairly definite. The apparent visual diame- 
ter may be measured by viewing through a slit. The apparent 
diameter may be recorded photographically. If the photo- 
graph is made through a quartz lens, the ultra-violet rays will 
not be cut off from the plates as when a glass lens is used. 

Whitehead has made some measurements on the apparent 
diameter, comparing the visual method and the photographic 
method with both quartz and glass lenses. He finds that the 
apparent diameters are, respectively, by the visual, glass lens, 
and quartz lens methods in the ratios of 1 :1.6:1.9.1 It there- 
fore appears that there is a considerable content of the corona in 
the ultra-violet which is not visible to the eye. As soon as corona 
appears it seems to have a definite finite thickness. 


’ Warreneap, J. B., Trans. A.I.E.E., p. 1093, 1912: 
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Fig. 60.—Corona on bright tinned phosphor-bronze wire. Diameter, 0.051 cm. 


wire polished after each exposure. Diameter, 
0.186 cm. 


Fie. 61.—Corona on copper 
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Fic. 62.—Corona on a polished copper wire. Diameter, 0186 cm. Operated 
at 200 kv., then allowed to stand idle. (This shows effect of oxidation.) 
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Fic. 63.—Corona on a weathered galvanized iron wire. Diameter, 168 cm. 
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Fie. 64.—Corona on a 1.25 em. polished brass rod and unpolished copper cable. 


Fie. 65.—Corona on a No. 3/0 weathered cable. 
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Fic. 66.—Corona on a No. 3/0 line cable. Dry. 


Fie, 67.—Corona on a No. 3/0 line cable. Wet. 
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Fig. 68.—Corona on conductors at very high 60-cycle voltages. 
(a) 3.5 inch tube at 900,000 volts, (b) 1.75 inch tube at 800,000 volts, (c) 
1.0 inch tube at 500,000 volts, (d) 1.0 inch tube at 780,000 volts, (e) 0.04 inch 
tube at 800,000 volts. 
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Figures 69, 70, and 71 taken from Whitehead are self-explana- 
tory. Figure 72 shows the apparent diameter of corona on a 
given wire. In Fig. 73 is a curve through the same points. 
Throughout this curve the correction of 1.18 has been used to 
include the ultra-violet. Near the starting voltage, however, 
the corona seems to be very largely ultra-violet. This explains 
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DIAMETER OF CORONA. 


» Wire in 18.6-cm. cylinder. 


Fic. 69 (Upper).—Diameter of corona on 0.233-c 
Bere -5, respectively. (White- 


éy = 21.5 kv. Glass lens kilovolts 22.5, 25, 27.5, 
head.) 

Fie. 70 (Middle).—Diameter of corona showing effect of ultra-violet. (a) 
0.232 cm. (6) 0.816 em. (c) 0.3899 em. Left side of (a)(b)(c) quartz lens. 
Right side of (a)(b)(c) glass lens. (Whitehead.) 

Fira. 71 (Lower).—Corona on 0.233 em. wire at 22.5, 27.5,32.5 kv. e, = 20.75 
kv. Glass lens. (Whitehead.) 


the low point at 22.5 kv. At the start the corona appears to take, 
immediately, a definite finite thickness; the rate of increase is 
then quite rapid but gradually assumes a linear relation. 

In the hope of throwing further light on the discharge and loss 
mechanism, an investigation of corona and spark was made 
with the help of the stroboscope. 

A needle gap was first arranged across the transformer with a 
high steadying resistance. The impressed voltage was adjusted 
until corona appeared all the way between the conductors as in 
Fig. 74. In this case it seemed possible that the corona on the 
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positive wire extended out farther than the corona on the negative 
wire and that the positive discharges overlapped, giving the 
effect of a single discharge completely across between the 
conductors. 

Examination of this was then made through the stroboscope 
which was so set that the right needle, Fig. 74(2), was seen when 
positive, and the left when negative. To the eye, the discharge 
from the positive needle has a bluish-white color and extends out a 
considerable distance, the negative appears as a red and hot 
point. The photograph shows more of the negative than is 
seen by the eye. Figure 74(1) is the discharge as it appears 


90 22 24 26 28 80 82 384 36 20 22 24 26 28 30 82 34 36 
Kilo-Volts Effective Kilo-Velts Effective 
Fie. 72. Fig. 73. 


Fias. 72 and 73.—Diameter of corona (0.233-cm. wire in 18.6-cm. cylinder). 


74(3) with stroboscope shifted 180 degrees to show left needle 
as positive. In 74(4) the stroboscope has the same position as 
74(3), but the voltage is higher, and many fine static sparks can 
be seen. 

If voltage above the visual corona point is impressed on two 
parallel polished wires, a more or less even glow appears around 
the wires. After a time the wires have a beaded appearance. 
On closer examination the beads appear as reddish tufts, while in 
between them appears a fine bluish-white needle-like fringe. On 
examination through the stroboscope it can be seen that the more 
or less evenly spaced beads are on the negative wire, while the 
positive wire has the appearance, if not roughened by points, of a 
smooth bluish-white glow. At ‘“‘points” the positive discharge 
extends out at a great distance in the form of needles; it is possible 
that it always extends out but is not always visible except as sur- 
face glow. Thus, the appearance of beads and fringe to the 
unaided eye is really a combination of positive and negative 
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(1) Without stroboscope, 72,000 volts. 


(2) With stroboscope, 72,000 volts. Right (+) 


Left (+) 


Left (+) (4) Same as (3), voltage increased to 84,000. Right (—) 
Fig. 74.—Corona between copper needle points. 20.5-cm. gap. 
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corona. In Figs. 75 and 76 two wires are placed close together 
at the top. The bottom is bent out and needles are fastened on. 
Figure 75 is without a stroboscope. Figure 76 is taken with a 
stroboscope set to. show positive right and negative left. Thus, 
positive and negative coronas for points and wires are directly 
compared. Figure 77(1) is taken without the stroboscope, (2) 
with right negative, (3) with stroboscope shifted 180 electrical 
degrees to show the right positive. These wires were, at the 
start, highly polished. At first corona appeared quite uniform, 
but, after a time, under voltage, the reddish negative tufts 
separated, more or less evenly spaced as shown. Figure 26 
shows similar photographs taken on a slightly different conductor 
set-up. Figure 78 shows a section without voltage. The bright 
spots are still polished and correspond in position to the negative 
tufts. The space in between is tarnished. The polishing of the 
surface at the negative spots is probably duc to the bombard- 
ment at the surface there by the heavier positive ions. This 
takes place with either copper or iron wire. 

Figure 79 shows positive and negative corona on wires widely 
spaced to get uniform field distribution. A close examination of 
the negative shows beads about to form. Figure 80 shows a 
similar pair of conductors. The negative in this case has formed 
a spiral, apparently following the grain twist of the conductor. 

A large fan-like bluish discharge is often observed extending 
several inches from the ends of transformer bushings, points on 
wires, etc. This discharge has the appearance of a bluish spray, 
reddish at the point. The stroboscope shows that the bluish 
spray is positive, while the red point at the base of the spray is 
negative. Figure 81 shows one of two parallel polished rods (120 
cm. spacing) supported at the top and brought to sharp points 
at the bottom; 81(1) shows how each wire appears without 
stroboscope; 81(2) is the wire when positive, 81(3) the wire when 
negative. Note the dark space on 81(3) between the point and 
negative corona spiral of tufts. 81(1) shows this space to have 
only the positive glow. 

Water was placed on a pair of parallel conductors. At the wet 
places the positive corona extended out in long fine bluish-white 
streamers (see Fig. 82 without stroboscope). With certain forms 
of dirt on the wires the negative corona appears as red spots, the 
positive always as streamers. It is also interesting to note that, 
if a uniformly rough wire is taken, as a galvanized wire or 
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(1) Without stroboscope. 


Left (+) (2) With stroboscope. Right (—) 


eter) (3) With stroboscope Right (+, 
rotated 180°, 


Fra. 77.—Corona on parallel wires. No. 13 B. and S. copper wire. Spacing, 
12.7 cm. Volts, 82,000. 
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Left (—) 
Fig. 79.—Polished brass rod. 


Fia. 78.—Section of wire 
(Fig. 77). ‘‘Dead.” Bright 
spots position of negative 
“beads.” 


Fic. 80.— Copper wire. 
Diameter 0.26 cm. Spacing, 
120cem. Volts, 200,000. Pol- 
ished at start. Note negative 
corona apparently following 
spiral ‘‘grain’”’ of wire. 


Left (—) Fie. 80. 


Spacing, 120 em., Volts, 150,000. 
‘‘beads”’ are just starting to form. 


Right (+) 


Diameter, 0.475 cm. 


Note that negative 


Right (+) 
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‘‘weathered”’ wire, the positive appears as bluish needles, while 
the reddish negative is more uniform than on the ‘‘corona- 
spotted” polished wire, in which case the negative corona appears 
as concentrated at the untarnished spots. 

Mechanical Vibration of Conductors.— Years ago a pair of 20- 
mil steel conductors, 500 ft. long, were strung at about 10-ft. 


Fie. 83.—Mechanical vibration of parallel wires in corona, due to electrostatic 
forces. 


Fig. 84.—Mechaniecal vibration of parallel wires in corona, due to electrostat ic 
forces. 


spacing, for power loss measurements. It was noticed at high 
voltage that the conductors vibrated, starting with a hardly 
perceptible movement which, in a few minutes, had an amplitude 
of several feet at the center of the span. Generally, one wire 
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vibrated as fundamental, the other as third harmonic. The 
period of the fundamental in this case was about one per second. 

Figures 83 and 84 show this condition repeated in the labora- 
tory on short lengths of conductor. In Fig. 83 one wire is vibrat- 
ing as the fundamental, the other as the second harmonic. The 
motion is rotary. For the wire with a node in the center (Fig. 
83), it is extremely interesting to note that for about one-half 
of the rotation the wire appears very bright, for the other half 
rotation the wire is much less bright. This seems to mean that 
each part of the wire is rotating at the power supply frequency— 
60 cycles per second. Hence, it has the effect of the stroboscope, 
and for part of the rotation there is always negative corona and 
for the other part always positive corona. 

Corona Current Oscillograms.—Oscillograms showing instan- 
taneous values of corona current were obtained with the low- 
voltage hot filament cathode ray oscillograph. The cathode ray 
oscillograph, which was referred to on page 39 depends on the 
control by the phenomena studied of the path of the electron 
stream striking the fluorescent screen on the end of the cathode- 
ray tube. On the outside of this may be placed a photographic 
film. With periodic phenomena, the figure is usually allowed to 
retrace itself a number of times in order to secure a discernible 
figure on the film. Accordingly, it ordinarily appears in polar 
coordinates and isknownasa cyclogram. (See page 202, Chap. 
VI for additional discussion.) 

Figure 85 gives examples of such cyclograms taken during 
corona current studies, the vertical deflections or components 
of the figures being proportional to currents and the horizontal 
ones proportional to impressed voltages. This figure shows the 
cyclogram records together with some of the waves translated to 
rectangular coordinates. The current waves include both corona 
and capacity current components. 

This oscillographic study of corona! brought out several new 
interesting features of its mechanism. One of these was the 
manner in which the starting point of corona with respect to the 
voltage wave appears earlier as the voltage is raised; that is, 
as the applied voltage is increased above the visual critical 


1 Pupx, F. W., Jr., “Law of Corona and the Dielectric Strength of Air IV,” 
Trans. A.I.E.E., p. 1009, 1927. 

Luoyp and Starr, “Corona Loss Measurements by Means of the 
Cathode Ray Oscillograph,” Trans. A.I.E.E., p. 997, 1927. 
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voltage, corona starts at a lower and lower instantaneous value 
of voltage on the alternating-current wave (Fig. 85 illustrates 
this). Theinstantaneous value of starting voltage, e:,on the alter- 
nating-current wave is decreased by an amount approximately 
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to nautre! 
(ftective) 
670 
j10 


<> 
<-> 


mes ; Q928e~ Du Rusmeo, 
[ange egeebeertons 
Pee avenc r— to ~~ 


Verhcel spocing of cyclograms prosortional fo line. velloge 


Fria. 85.—Corona cyclograme, and waves of voltage and current transcribed 
into rectangular coordinates. 


equal to the excess of the applied voltage above the visual critical 


voltage, e,. Thus, if eis the applied voltage, 
€.—) Cy — Cy Cx 
or 
€i = 2ey — €. 


This equation states that the instantaneous starting voltage, 
e;, is zero when the applied voltage is 2e,, or that when the space 
charge is in effect g,, no additional charge is needed to start corona. 
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Instantaneous voltages, e;, when plotted with applied voltages 
show that e, is zero at approximately 2e,. 
If the above rule held over a wide range of voltage, it would 
be found that 
é + €; = 2e, = constant 


ey 
Corona 
Charging 
a (me Ares 
A 
Just at start of Corona. 


Flux from conductor only. 
y Just before Corona stops at 


crest of voltage wave. Flux from 
77 > conductor and space charge 


Schematic Diagram of 
Corona Discharge Circuit %& 


c D 
After Corona stops. Flux Just at second start of Corona. 
from space charge only. Flux from space charge adding 


to conductor charge 


Fic. 86.—Mechanism of corona. 


As a matter of fact, as would be expected, the tests show that 
e+e; is not constant, but approximately so, near the critical 
voltage. Actually, the effect is as if the total space charge were 
not effective in reducing the critical voltage, but that 


€; = & — (e — &,)a 


where a is a leakage factor and is less than unity. 

The reason for the above is quite evident, as shown in Fig. 86. 
After corona starts, a tube of corona surrounds the conductor 
and is charged through the “corona ares” up to the maximum 
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of the wave when the arcs go out or corona stops. This corona 
tube or ‘“‘space’”’ charge increases quite suddenly to a finite 
diameter at the start and then more gradually as the maximum of 
the wave is approached. This charge caused by the excess 
voltage returns towards the conductor with the falling wave and 
adds to the charge caused by the applied voltage on the next half 
cycle. When the sum of these charges is sufficient to cause the 
breakdown gradient, corona starts at an instantaneous voltage 
less than the normal visual critical voltage. With the start of 
corona there is a sudden rush of current. When twice the visual 


Instantaneous aa 


Line Voltage Spark starts| ? 

first ; 

half-cycle 
ae 


Instantaneous 
Voltage across C 


Instantaneous | -/¢,-e,) -(e-e,) |-Mle-e;)-(ev- San le;-€,)=-(e-€,)#@,-€,, +(€p-€,) 
Voltage across C2 =-(e-e€y) =(2ey-e)-e, 


aa ata 


Fie. 87. —Artificial corona circuit-operation of single gap, {xed capacitance. 


Dielectric Flux 


critical voltage is applied, the excess voltage is equal to the 
critical voltage. The charge due to this excess voltage is then 
sufficient to cause corona without any additional charge. Corona 
thus starts on the following half cycles on the zero of the wave, as 
shown above. If the applied voltage is further increased, corona 
starts below the zero of the wave or on the falling voltage. 
Corona characteristics can be produced artificially by means of 
condensers. For example, take two condensers and place a gap, 
in series with a resistance, across one of them. If voltage is 
applied and gradually increased, capacity current flows until the 
gap breaks down. There is a sudden rush of current. The 
spark, which represents the corona, continues to the maximum 
of the voltage wave when it stops. This leaves an excess charge 
on one condenser which adds to the charge caused by the line 
voltage on the next half cycle. The gap breaks down at lower 
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and lower instantaneous voltage as the applied voltage is 
increased and becomes zero when the applied voltage is twice the 
initial starting voltage, as discussed in the case of actual corona 
above. ‘This is all illustrated diagrammatically in Fig. 87. 

Bennett has made some very interesting oscillograms of corona 
current.' Figures 88(a)(b)(c) show the voltage wave applied 
between a cylinder and a concentric wire, and the resulting cur- 
rent. The current wave includes both capacity and corona 
current components. The part of the wave above the zero line 
occurs when the wire is (—) and that below when the wire is 
(+); 88(a) is for a voltage very slightly above the critical voltage 
and shows a very sudden sharp hump in the current wave when 
the wire is (+) and a spread-out hump when the wire is (—). 
This gives the appearance of corona starting at a slightly lower 
voltage on the (+ )wire; (b) and (c) show the positive and negative 
humps at higher voltage. The oscillation is caused largely by 
the sudden “‘corona spark” discharging through the reactance 
and capacity of the circuit. 

Figure 89 shows an oscillogram of corona current and the 
corresponding impressed voltage wave taken at Stanford Uni- 
versity.” The current wave represents the discharge from a 
point at a potential above ground of approximately 1,000,000 
volts, the capacity current being negligible. 

The Rectifying Effect of Corona.—Due to the difference in size 
and mobility of the positive and negative ions, there is a marked 
contrast in the discharges from positive and negative points. 
Figures 74 and 75, page 92, illustrate this. If a grounded metal 
plane is placed sufficiently close to a point in corona, a certain 
amount of charge will reach the plane. A sensitive ammeter 
inserted in the ground circuit of the plane will measure this 
corona current, which will be found to depend not only upon the 
voltage and spacing, but also on the polarity of the point; that 
is, there will be a different amount of charge moving across to the 
grounded plane when the point is negative than when it is posi- 
tive. If an alternating voltage is applied to the point, more 
charge will reach the plane on one half than on the opposite half 
cycle, so that rectification takes place. Similar results can be 


1 Bennett, E., Trans. A.J.E.E., p. 571, 1914. 
2 CARROLL and Cozzens, Trans. A.J.E.E., 1929. 
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(c) 
Fra, 88.—Oscillograms of corona current. (E. Bennett, Trans. A.I.E.E., Dp. 
571, 1914.) 
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obtained with a wire in corona inside of a cylinder. The unsym- 
metrical shape of the corona current waves of Figs. 88 and 89 
shows this rectifying effect. The sign of this net unidirectional 
flow with alternating voltages depends on the spacing, shape of 
the electrodes, and voltage. In most cases, more charge will 
be found to pass across to the plane or larger electrode when 
the smaller electrode involving the greater corona discharge is 
positive. As a rule this means of rectifying alternating currents 
involves too low a flow of unidirectional current to render it 


__ VOLTAGE 
WAVE 


CURRENT © 
WAVE 


Fig, 89.—Corona current from needle point at one million volts. (Carroll & 
Cozzens, Stanford Univ.) 

practical for ordinary use. The amount and sign of the rectifica- 

tion by corona also will vary, dependent upon the particular gas 

and pressure used. 

If measurements are made of the field about an electrode in 
corona having an applied alternating voltage, the same rectifying 
effect can be detected, since the space will be found to be charged 
up to a unidirectional potential above ground. Field measure- 
ments made between transmission conductors! indicate that the 
space at the theoretical neutral is built up to a negative poten- 
tial above ground at the start of corona, and changes to positive 
at higher voltages. 

Lichtenberg Figures.—Interesting electrostatic field conditions 
have been recorded by corona discharges on certain dielectric 

1 CarROLL and Lusienan, Trans. A.J.H.E., p. 50, 1928. 
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surfaces. In 1777 Dr. G. C. Lichtenberg with sulphur dust 
secured discharge figures radiating out from a charged electrode. 
In 1888 Trouvelet! and Brown? produced the same figures on 
photographic plates. Interesting gap discharge figures were also 
obtained on photographic plates by F. E. Nipher.?’ 

Recently, considerable work has been done in the use of such 

photographic figures for securing voltage records.** 
_ J. F. Peters‘ was the first to develop an instrument making use 
of Lichtenberg figures for recording, photographically, volt- 
ages on transmission lines. This instrument was called a 
klydonograph. 

The most suitable arrangement 
for producing the figures for volt- 
age measurements is illustrated in 
Fig. 90. Figure 91 shows some 
typical figures secured. The 
paacnphslns ] action is probably similar to that 

a occurring in ordinary photog- 

raphy, the light from the corona 

== += \Metal discharge of the electrode over the 

Ground surface merely affecting the chemi- 

Recah a eS cal properties of the silver particles 

Lichtenberg feures.  * ) 1'2. othe; fine shrough wap iordiags 

photoelectric effect. In that way 

a larger figure is probably recorded than can be seen with the eye, 

as the discharge may involve a certain amount of light beyond the 
visible range which could still affect the film. 

Because of the distinct difference in visual appearance that 
we have seen to exist with positive and negative corona dis- 
charges, it is to be expected that such should also be true with 
positive and negative Lichtenberg figures. Figure 91 shows this 
to be the case, the two polarities differing in both size and shape 
for the same applied voltage. The form of the figure has also 
been found to vary somewhat for different wave shapes, so that it 
is possible to identify with fair accuracy the wave front of a 
surge as well as the voltage magnitude. In general the size of 
figure for a given wave shape varies approximately linearly with 

1 Lumiere elec., Vol. XXX, 1888. 

2Phil Mag., Vol. XXVI, 1888. 

’ Trans, Acad. Sct. St. Louis, Vol. XTX, June, 1910. 


4Prrers, J. F., Hiec. World, Vol. CLXXXIII, 1924. 
5 McKacuron, K. B., Trans. A.J.E.E., 1926. 
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Fie. 91.—Lichtenberg figures of 5,000,000 volt lightning generator surges, taken 
with surge voltage recorder. 
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Fig. 92.—Lichtenberg figure showing electrostatic field between wire and ground 
plane. 
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the applied voltage up to a certain point when the figure breaks 
to form ‘‘slips” which then allow no accurate analysis. The 
direct range of reliable voltage records, with the ordinary klydono- 
graph or surge voltage recorder, is approximately between 1500 
and 30,000 volts. This range may be extended indefinitely by 
means of a potentiometer. 

Using this same method of recording discharge figures, it is 
possible to obtain pictures of electrostatic fields under various 
conditions. Figure 92 shows an example of the field between a 
conductor and a ground plane, the film being so placed as to 
secure a cross-section of the field normal to the conductor axis. 
On this record the discharge paths are seen to follow the electro: 
static flux lines from the conductor surface to the plane. 


CHAPTER V 
SPARK-OVER 


By spark-over is generally meant the disruption of a gaseous 
dielectric from one conductor to another conductor. Strictly 
speaking it is the name applied to the initial discharge and not 
the arc that follows, as was discussed earlier (see page 47, 
Chap. III). In this chapter it is only the factors affecting the 
initial complete breakdown that will be discussed, so that the 
term spark-over only will be used. 

Parallel Wires.—If impressed voltage is gradually increased 
on two parallel wires placed a considerable distance apart in 
air, so that the ratio S/r is above a certain critical value, the 
first evidence of stress in the air is visual corona. If the voltage 
is still further increased, the wires become brighter and the 
corona has the appearance of extending farther out from the 
surface. Finally, when the voltage has been sufficiently 
increased, at some chance place a spark will bridge between the 
conductors. When the spacing is small, so that S/r has a critical 
ratio, spark and corona may occur simultaneously, or the spark 
may bridge across before corona appears. If the spacing is still 
further reduced so that S/r is below the critical ratio, the first 
evidence of stress is complete spark-over and visible corona never 
appears (see page 28). 

Extensive tests have been made.! The method of conducting 
tests was to start at the smaller spacings with a given value of r 
and measure the spark-over voltage. Unless otherwise stated 
the frequency used was 60 ~. When the spacings were above 
the critical ratio of S/r, and corona formed before spark-over, the 
corona voltage was noted first. The voltage was then increased 
until spark-over occurred. The spark-over point is not as con- 
stant or consistent as the corona point and is susceptible to 
change with the slightest dirt spot on the conductor surface, 
any unsteady condition in the circuit, humidity, etc. At the 
beginning of the tests it was found necessary, in order to get 
consistent results, to put water tube resistances in series with the 


1 See “Law of Corona II,” Trans. A.J.E.E.} p. 1051, 1912. 
109 


110 DIELECTRIC PHENOMENA 


conductors to eliminate resonance phenomena. These resistances 
were high, but not sufficiently so to cause an appreciable drop in 
voltage before arc-over. 

Table XVII is a typical data table. Each point is the average 
of a number of readings. 


Taste XVII.—CoroNA AND SPARK-OVER FOR PARALLEL WIRES 
Temperature 17 deg. C., bar. 75.3 cm. 


Wire No. 0, diameter 0.825 cm. 


-~ 


Test No. 166 values read No. 0 wire, corrected to 25° C., 76 bar. 


co | 
| P 
Spacing Effective kv. to neutral sear ras | - Maximum 
| 

Cm. S Corona éy Spark és ' Corona ev Spark es | Corona gs Spark g. 
2.54 None: i) sa tae spt eo hy DEG eee eee 41.4 
3.81 None TRG eee oo 3152 | ae ne 42.5 
5.08 None oie Ved eae ae RR Sey ee 43.2 
6.35 None ST eORe Toe. Aan os WSR New oe 43.8 
7.62 None Set Wide St GE aD ae AO o ee gee te ae. 44.9 
8.89 None Siro ese eee SLRS A eee ee 45.0 
10.16 140.4 40.9 56.0 56.7 44.0 44.6 
12770 41.8 42.1 58.0 58.1 | 44.0 | 44.1 
13.97 43.7 46.0 60.7 60.5 44.2 46.7 
15.24 45.9 48.1 63.6 G70 eee et 48.9 
15.78 46.6 54.1 G48 el WoROn i eases 50.8 
20.32 48.9 59.6 67:7 | 82.8> 4 B48 53.7 
22.86 50.1 66.2 69.7 91.7 43.7 56.8 
25.40 51.1 71.5 TO 99.2 | 43.1 60.4 
27.94 52.1 79.0 72.4 | 109.7 42.9 65.1 
30.48 53.1 84.5 F400. el lg7o 42.9 67.9 
33.02 54.1 89.6 74.8 | 194.0 42.4 70.2 
35.56 55.1 95.5 76.5 | 132.5 42.6 73.9 
38.10 56.1 102.3 10.8" } 1419 42.7 77.8 
40.64 57.1 106.5 79.4 | 149.0 42.9 80.5 
60.96 GSi 300 hase seed SAG: a oe Ca a ee ie eo 


In columns 4 and 5 are voltages reduced to the maximum value 
to neutral and corrected to standard 5. Column 6 gives the 
surface gradient for corona. Column 7 gives the surface gradient 
for spark, up to the spacing where corona starts first; above this 
critical spacing it gives the apparent surface gradient as the 
conductor above this point must be larger on account of corona. 
As the field around the conductors at the small spacings is very 
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much distorted, it is necessary to use formula 12(a) or 12(b) to 
calculate the surface gradient. 
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Fie. 93.—Spark-over and visual Fig. 94.—Corona gradient and ap- 
corona voltages. parent spark gradient. 


(Parallel polished copper wires, 0.825 cm. diameter. 6 = 1.) 


Figure 93 is a typical curve. Voltage is plotted with spacing 
for spark and corona. Up to spacing 12.4 em. there is spark-over 
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Fic. 95.—Apparent spark-over gradients for parallel wires. (Points measured, 
curves calculated.) 


before corona. This curve seems to be continuous with the 
corona curve which starts at this point. The spark curve here 
branches and is very close to a straight line within the voltage 
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range. In Fig. 94 the surface gradient curves are plotted. The 
corona gradient is a straight line parallel to the X axis with a 
slight hump at the critical ratio of S/r. The apparent spark 
gradient is also a straight line, within the test range. It inter- 
sects the corona line at the critical ratio point, or at what may be 
termed the triangular point, and extended it cuts the g axis at 
g = 30. These are characteristic curves (see also Figs. 50 and 
51). For a given spacing the spark-over voltage increases as the 
size of the conductor decreases. 

It is important to note that, for all sizes of wire, the spark 
gradient curve extended as a straight line cuts the gradient axis 
at approximately g = 30. Spark curves extended as straight 
lines through the critical ratio point and intersecting the gradient 
axis at g = 30 are shown in Fig. 95. The triangular point or 
critical ratio of S/r is tabulated in Table XVIII. Its average 


Taste XVIII.—Criticat Ratios S/r—EXPERIMENTAL VALUES 
Intersection point of gy, and gs 


Sete ere a eS ec ee 
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value is S/r = 30. If it is assumed that the spark-gradient curve 
is a straight line the conditions are, that it must cut the corona 
gradient line at S/r = 30 and extended must cut the g axis at 
Jo = 30. 

The gradient for g,, or the gradient at the triangular point or 


below it, is 
0.301 
q. = Jo ] Sr ae c 
( Vr om 


therefore, the approximate apparent gradient at or above the 
triangular point is 


a a(t ny 


0.301. S 1. 
v/r 730 


0.01 S 
30( 1+ ——| =) kv. per centimeter maximum 
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This follows because of the assumption of a straight line 
through two fixed points. 

The approximate spark-over voltage above the triangular 
point is ; 2 


es = gs 7 log. R/r kv. to neutral maximum. 


Below the triangular point it may be found by substituting 
Jv for gs. 

In Fig. 95 each drawn curve is for g, values calculated for vary- 
ing spacing at constant radius. The points are measured values. 
The corona boundary line is the g, curve; it intersects the g, 
curves at S/r = 30. Corona does not form below this line, but 
it sparks across immediately. This is greater than the theo- 
retical ratio, as explained below (see also pages 28 and 29). 
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Fic. 96.—Apparent spark-over gradients for parallel wires. (Points measured, 
curves calculated.) 


In Fig. 96 each curve is drawn for a constant spacing and 
varying radius. The broken line is the critical ratio line. It also 
corresponds to the g, curve. For spacings below this line, spark- 
over takes place immediately before visible corona forms, and the 
ge values fall pretty well on the g, line, as shown by trangles. 

Figure 97 is voltage plotted in the same way. Below the 
corona boundary, where spark occurs before corona, the es curve 
does not hold. The broken lines are calculated from g, and é». 
The points are observed values. Thus, corona gradient and 
spark-over gradient and, hence, spark voltage and corona 
voltage below S/r = 30, are the same. 
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_ No great accuracy is claimed for this formula. It may, how- 
ever, be useful in approximately determining the arc-over between 
conductors in practice. Dirt or water, however, will greatly 
modify the results, as will appear below. 

The reason that spark takes place before visual corona can 
form at small spacings or below S/r = « is discussed on page 18 
for concentric cylinders, in which case g was taken as constant. 
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Fie. 97.—Spark-over voltages between parallel wires. (Maximum values to 
neutral given. Points measured, curves calculated.) 


We know, however, that g, is a function of r, and for air 


0.301 
Jv = a1 + Jr ) 


0.301 
ey = o( 1 + ie ) r log. R/r 


Differentiating for maximum 


de 0.301 
= SS To 1 = @ — —SS— 
dr a( an or )| 108 oe ee Vr 


or, €y 18 Maximum when 


0.301 0.301 
(1 + Dye) (8 R/r-1-—- a )- 0 (31) 


This gives a ratio of R/r greater thane. The experimental ratio 
in Fig. 98 is 3 and checks with the above. 

If a very small value of r is taken, corona forms and then, after 
the voltage is sufficiently increased, spark-over occurs. It might 
be supposed that with increasing voltage the center wire would 
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become larger and larger in effect due to conducting corona and, 
R 

radius + corona 

occur. This is not the case. It takes a much higher voltage for 

the small wire corona than for metallic cylinders with R/r at 

maximum ratio. Hence, corona seems to be either in effect a 


finally, when 


= critical ratio, spark-over would 


SSO ee eee 
Radius of Inner Cylinder (r ) 


Fre. 98.—Spark-over and corona voltages for concentric cylinders with varying 
diameter of inner cylinder. 


series resistance or it grades or distributes the flux density 
(see Fig. 98). Taking the exact equation for parallel wires 


Jv => eb EE es (126) 


S 2r 
Dee 


0.301 
&y = o.(1 SF Ae )r 


Varying r for constant S = 10 it is found that e, is maximum 
when S/r = 6.67. Experiments show this ratio to be 30. This 
is probably because, at the small spacing, the corona acts as a 
flexible conductor which collapses and forms a point. 

The visual corona voltages, or the spark-over voltages below 
the critical ratio of S/r or R/r, should be of possible value for 
voltage measurement on account of the accuracy at which they 
may be determined or calculated for different temperatures, baro- 
metric pressures, etc. 
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Influence on Spark-over of Water and Oil on the Conductor 
Surface.—Tests with oiland water on the conductor surface were 
made in a manner exactly similar to the dry spark-over and 
corona tests. In the oil tests, the surface of the wire was coated 
with a thin even film by means of an oiled cloth. For the wet 
tests, water was sprayed on the conductor surface by means of an 
atomizer, before each reading. Figures 50, 51, and 99 are dry, 
wet, and oil curves for three different sizes of wire. 


0 10 20 30 40 50 60 70 
Spaeing incm’s. between Wire Centers 
Fic. 99.—Spark-over and visual corona for parallel wires. (Diameter, 0.825 
em. Polished copper. Surfaces dry, wet, and oiled. Maximum volts to 
neutral given.) 


For spark-over both water and oil have approximately the 
same effect. This curve tends to approach the needle-gap curve. 

For corona, water very greatly lowers g,. Oil lowers g, but 
to a much less extent than water. Where the conductor is very 
small, the percentage increase in diameter, due to oil, more than 
compensates for the lowering effect. 

The spark gaps which have been useful in measuring high volt- 
ages will now be considered. 

The Gap as a Means of Measuring High Voltages.—A gap 
method of measuring high voltages is often desirable in certain 
commercial and experimental tests. A gap will measure the 
maximum point of practically all voltage waves and is, therefore, 
used in many insulation tests where breakdown also depends upon 
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the maximum voltage. In most commercial tests an accuracy 
of 2 or 3 per cent. is sufficient. A greater accuracy can be 
obtained with the sphere gap for special work where extra pre- 
cautions are taken. 

The Needle Gap.—The needle 
gap is somewhat erratic at high 
voltages because, due to the 
corona brushes and_ broken- 
down air that precede the spark- 
over, variations are introduced 3130 
by humidity, oscillations, ete.! : 

The needle gap is also incon- © 499 
venient at short spacings be- 
cause needles must be replaced 
after each discharge, as the cal- 
ibration varies somewhat with 
the sharpness of the points. 


Humidity, 


Kilo-Volts 


Approximate 


This condition of the points re- Bese corres 

. . . or DL eren i 
quires less attention at spacings Relative, Humidity 
over several feet in length. 

The effect of humidity isshown °o 5 10 15 cleo pi aS 
in Fig. 100, where it can be seen fe 100, 


that a higher voltage is required 

to spark over a given needle gap when the humidity is high nen 
when it islow. (Curves, Fig. 100, are intended only to illustrate 
this effect.) It is probable that the corona streamers in humid 


TaBLE XIX.—AVERAGE NEEDLE SPARK-OVER VOLTAGES 


No. 00 Needle, 6 = 1 


A.L.E.E. 
ee a Te a. ao a 
Ky. eff. | Spacing (cm.) Kv. eff. Spacing (cm.) 
10 1.19 40 6.10 
15 1.84 45 7.50 
20 2.54 50 9.00 


1 Pyuk, F. W., Jr., ‘‘ Discussion,” Trans. A.J.#.E., p. 812, 1913. 
Peek, F. W., Jr., G.H. Rev., Vol. XVI, p. 486, 1913. 
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air cause a ‘“‘fog,’”’ and then agglomerate the water particles, 
which, in effect, increase the size of the electrodes. 

There is the added possibility that the water particles may 
arrange themselves throughout the field under the electrostatic 


a8 
Se. & 
es) 


s 
So 
S 


Kilovolts Effective 


Hee 
Aa | 
yc hy MAP SP 


96 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 110 180 130 200 210 220 - 
Spacing in Inches 


Fic. 101.—60-cycle spark-over voltage of needle point gap and point-to-plane 
gap. 


forces in such a way as to redistribute the stresses. This might 
then tend to lessen any localized gradients, thereby increasing 
the strength of the air. The above reasons have also been given 
for the increase of the strength of oil by moisture under certain 
conditions (see Chap. VII, page 
218). 

All spark-gap curves of whatever 
form of gap must be corrected for 
air density—that is, altitude and 
temperature. The spark-over of 
the needle gap decreases with de- 
creasing air density but the correc- 
tion is erratic and unreliable. 

Table XIX shows the needle-gap 

OvwSoaNasaRieaasass spark-over values for the lower 

bitsy: voltages. Figure 101 gives the 

Fie. 102.—Spark-cver voltages 

eio5-cm,, spheres: complete spark-over curve up to 
2,000,000 volts. 

The Sphere Gap.'—The voltage required to spark over a given 
gap between spheres increases with the diameter of the spheres. 
For accurate ‘work it is preferable to use spacings less than the 

1 Cuuss and Forrescur, Trans. A.J.E.E., p. 739, 1918. 


Prexk, F. W., Jr., Trans. A.J.E.E., p. 923, 1914. 
Punk, F. W., Jr., G. #. Rev., Vol. XVI, p. 286, 1918. 
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diameter of the sphere. This is especially so where one sphere 
is grounded. A larger sphere should then be used. With this 
spacing limit the first evidence of stress is complete spark-over 
and all of the undesirable effects and variables due to prolonged 
brush discharge and broken-down air, as with points, are elimi- 
nated. Humidity has no measurable effect, if the sphere surfaces 
remain dry. 

The space factor is relatively small. Several thousand 
measurements may be made without repolishing. The curve 
may be calculated. The only correction is the air-density cor- 
rection. This has been investigated and the results are given 
below. The correction is quite simple, Figure 102 gives typical 


TABLE XX.—SPHERE Gap SPARK-OVER VOLTAGES 
2.0-cm. Spheres 


| 


Spacing Kilovolts effective 
Cm. | In. Non-grounded Grounded 
0.2 0.508 5.6 5.6 
0.3 0.762 8.0 8.0 
0.4 1.016 10.3 10.3 
0.5 | 1-27 12.5 12.5 
0.6 1-52 14.8 14.6 
0.7 1.78 Wee {0 16.7 
0.8 2.03 18.9 18.6 
0.9 2.28 20.8 20.2 
1.0 2.54 22.6 PN Ve 
1.2 | 3.05 | 25.9 24.4, 
1.4 3.56 28 .9 26 .4 
1.6 | 4.06 Po. Cee tay rincic S 28.2 
1.8 4.57 AAC arian it xe Re | 30.0 
ee eee 
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Taste XXI.—SpHere Gap SPARK-OVER VOLTAGES 
6.25-cm. Snheres 


Sn ene EEE EEE 


Spacing ; Kilovolts effective 

Cm Tn. Non-grounded Grounded 
0.5 0.197 12.0 1250 
0) 0.394 Doe 22.5 
1.5 0.591 aul dF 31.5 
2.0 0.787 41.0 41.0 
3.0 1.181 aie 56.0 
4.0 1.575 TAU. 66.0 
5.0 1.969 81.0 i320 
6.0 2.392 89.0 79.0 
7.0 2.756 96.0 83.0 
8.0 3.150 102.0 88.0 
9.0 3.543 107.0 90.5 
10.0 3.937 110.0 93.0 


Each point is the average of five readings. The average variation between 
maximum and minimum for a given setting is less than 0.5 per cent. For 
the grounded case, the curves were made with the grounded sphere 4 to 5 
diameters above ground. See Table XXXIV. 


Taste XXII.—Spuere Garp SPARK-OVER VOLTAGES 
12.5-em. Spheres 


Spacing Kilovolts effective 
Cm. In Non-grounded Grounded 
0.25 0.098 | 6.5 | 6.5 
0.50 0.197 12.0 12.0 
1.0 0.394 22.0 22.0 
ito 0.591 31.5 31.5 
20 0.787 41.0 41.0 
3.0 LST 59.0 59.0 
4.0 1.575 76.0 75.0 
5.0 1.969 91.0 89.0 
6.0 2.362 105.0 102.0 
7.0 2.756 118.0 112.0 
8.0 3.150 130.0 120.0 
9.0 3.543 141.0 128.0 
10.0 3.937 151.0 135.0 
12.0 4.72 167.0 147.0 
15.0 5.91 188.0 160.0 
17.5 6.88 201.0 168.0 
20.0 7.87 213.0 174.0 
a 


SPARK-OVER 121 


sphere-gap curves for both spheres insulated and for one sphere 
grounded. Tables XX to XXVI give spark-over curves for 2.0, 


6.25, 12.5, 25, 50, 75, and 100-cm. spheres at sea level (25°C., 76 
cm. barometer). 6 = 1. 


Taste XXIII.—SpHere Gar SparK-ovER VOLTAGES 
25-em. Spheres 


Spacing Kilovolts effective 
Cm. In. Non-grounded Grounded 
0.5 0.197 11 ib 
1.0 0.394 22 22 
1.5 0.591 32 32 
2.0 0.787 42 42 
2.5 0.983 52 52 
3.0 1.181 61 61 
4.0 1.575 78 78 
5.0 1.939 96 94 
6.0 2.362 112 110 
7.5 2.953 135 132 
10.0 3.937 171 166 
12.5 4.92 203 196 
15.0 5.91 230 220 
lyf 6} 6.88 255 238 
20.0 7.87 278 254 
22.5 8.85 297 268 
25.0 9.83 314 280 
30.0 11.81 339 300 
40.0 15.75 385 325 


Calculation of Curves——The gradient or stress on the air at 
the sphere surface, where it is greatest, is found mathematically 


iS gi kilovolt/centimeter (13) 


Where e is the applied voltage in kilovolts, X is the spacing in 
centimeters, f is a function of X/K, and R is the radius of the 
sphere in centimeters. 
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Taste XXIV.—SpHERE GAP SPARK-OVER VOLTAGES 
50-cm. Spheres 


ne Te — See 


Spacing Kilovolts effective 
Cm. In. Non-grounded Grounded 
2 0.787 40.0} 40 
4 1.575 16.5 76 
6 2.362 sts 119 10. 
8 3.150 149.0 145 
10 3.937 189.0 185 
12 4.72 224.3 220 
14 5.51 255 .5 250 
16 6.30 285.0 275? 
20 7.87 335.0 320 
25 9.83 393.0 | 377 
30 11.81 445.0 420 
35 13.80 493 .0 456 
40 1515 537 .0 | 489 
45 17.72 573.0 516 
50 19.19 605 .0 541 
55 21.65 633 .0 561 
60 23.62 660.0 579 
65 25.60 684.0 594 
70 27 .56 705.0 608 
75 29.55 (25.0 619 


1 These values are calculated. 
? Spacings above 16 cm. are calculated. 
Then 
é S 
Gs Y f kv./centimeter 


where e, is the spark-over voltage and g, is the apparent strength 
of air. 

f is found mathematically and tabulated on page 28, for the 
non-grounded and grounded cases. For the non-grounded ease, 
we have found, experimentally, that g,, the apparent surface 
gradient at spark-over, increases with decreasing radius of 


sphere, as g, for corona on wires increases for decreasing radius of 
wire. 
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TABLE XXV.—SpPHERE Gar SPARK-oveR VOLTAGES (75-cM. SPHERES) 


Cm. 


20 
30 
40 
50 
60 
70 
80 
90 
100 


Spacing 


Bay. 


Kilovolts effective 


Non-grounded 


Grounded 


360 
490 
615 
715 
795 
870 
920 
970 
1010 


360 
490 


TaBLE XXVI.—SpPHERE Gap SPARK-OVER VOLTAGES (100-cM. SPHERES) 
These values are calculated 


Spacing 


Kilovolts effective 


Non-grounded 


Grounded 


20 
60 
100 


195 
283 
364 


20 
60 
100 


195 
280 
360 


505 
615 
730 


810 
895 
956 


1010 
1057 
1090 
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For a given size of sphere, g. is practically constant, independent 
of spacing, between the limits of X = 0.54,/R and X = 2R. 
The average gradient between these limits of separation is 


Js = 27.2(1 + ae kv./centimeter maximum (a) 


WR 


19.3(1 + 7h) ky./centimeter effective sine wave.! (b) 


VR 

The maximum variation from the average between the limits 
may be 2 per cent. When X is less than 0.54,/R, gs increases 
very rapidly because the spacing is then comparable with the 
“ionizing distance’! (see page 67, Chap. IV). Above X = 
3R, g, apparently gradually increases. This increase seems only 
apparent and due to the shanks, surrounding objects, ete., better 
distributing the flux or lessening the flux density. When both 
spheres are insulated and of practical size, the change is not great 
within the prescribed limits. In this case the neutral of the 
transformer should be grounded so that spheres are at equal and 
opposite potential. When one sphere is grounded, however, 
this apparent increase of gradient is very great if the mathe- 
matical f, which does not take account of the effect of surrounding 
objects, is used. For this reason f was found experimentally, 
assuming g, constant within the limits, as it is in the non-grounded 
case, and finding values of f, corresponding to the different 
values of X/R. Any given value of the ratio X/R should require 
a constant f, to keep g, constant independent of R. This was 
found to check.? 

The curves may be approximately calculated thus 


I 


Ys 


x (non-grounded) 
“f — effective sine wave 
x (grounded) 


para f. effective sine wave (138) 


where g, is calculated from the equation (b), and f or f, are found 
from the table on page 28 for the given X/R. These equations 
have been given for theoretical rather than practical reasons. 
Curves should be calculated only when standard measured curves 


es =Jg 


(13a) 


‘ Perk, F. W., Jr., ‘Law of Corona III,” Trans. A.J.E.E., p. 1767, 1913. 

*f. was determined with the grounded sphere 4 to 5 diameters above 
ground. In practice, this may vary from 4 to 10 diameters without great 
error (see Table XXXIV). Voltage values in tables correspond to 4 to 5 
diameters above the ground for this case. 
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cannot be obtained. Measured curves are given here. The 
average error, however, for curves calculated from the above 
equations, for 2-cm. diameter spheres and over, should not be 
greater then 2 per cent. The accuracy of calculations is not as 
great as in the case of the starting point of corona on wires. 

The Effect of Air Density or Altitude and Temperature: Cor- 
rection Factor. Practical Application—We have found that the 
average gradient for various air densities may be expressed 

=) Of. as + vat /centimeter maximum 
0.54 

= 19. 3a( 1 ae a ./centimeter effective. 
1/5R 


where 6 is the relative air density (see page 62). This correc- 
tion does not apply for small spacings at low air density. 

The standard curve may be made to apply to any given altitude 
by multiplying the standard curve voltage at different spacings 
by the correction factor thus 


19.39( 1 Leys us4) 


19.3 (4 ae 


)| 
ee 12 
- evi Ve ae = 


In order to avoid the trouble of calculating in practice, the 
factor is tabulated in Tables XX VII and XXVIII. This correc- 
tion is very accurate. Table XX VII gives the correction factor 
for different sizes of spheres at different barometric pressures and 
at constant temperature. When the voltage strikes across a 
given gap the voltage e corresponding to the gap is found from 
the standard curve and multiplied by the correction factor a, or 
a curve may be plotted corresponding to a given barometric 
pressure. 


Thus é: = ea 
Table XXVIII gives the correction factor for various values of 


6. 8may be calculated for the given temperature and barometric 
pressure and correction factor then found from the table. Figure 
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TaBLE XXVII 


Approximate Barometer 
corresponding == 
altitude Cm., Hg In., Hg 


| Values of a at 25 deg. C. for standard spheres of the 
following diameter, cm. 


7.5 |50.0 |75.0 |100 0 


) 5 3 
0 76.00 |29.92 |1 1.0C0 1.000 }1.000 |1.000 |1.000 
500 74.58 |29.36 0.981 |0.980 |0.980 |0.979 |0.979 |0.979 0.979 
0 0.903 0.961 0.960 |0.960 0.960 


1,000 | 73.14 |28.79 


Ft. 


1,500 71.77 |28.25 0.948 0.946 |0.945 (0.944 |0.943 |0.942 |0.942 
2,000 70.42 |27.72 |0.932 |0.929 |0.927 |0.926 |0.925 |0.924 (0.924 
2,500 60.09 |27.20 0.916 0.913 |0.911 0.909 |0.908 0.907 0.907 


3,000 67.74 |26.C7 |0.902 0.899 |0.897 0.895 |0.893 |0.892 0.891 
3,500 66.51 |26.18 0.887 0.884 |0.882 0.880 |0.878 |0.876 0.875 
4,000 65.25 |25.69 0.873 0.870 \0.807 |0.865 |0.863 |0.861 0.860 


4,500 64.01 |25.23 9.859 |0.855 |0.852 |0.850 0.848 |0.846 |0.845 
5,000 62.79 )24.72 |9.845 Baas 0.838 0.835 |0.833 |0.831 |0.830 
6,000 60.45 |23.80/0.817 |0.812 |0.8C8 |0.805 0.803 |0.801 0.800 


7,000 58.22 |22.93 |0.791 0.786 |0.782 0.779 |0.776 |0.774 |0.772 
8,000 56.03 |22.05 |0.765 |0.759 |0.754 |0.750 |0.748 |0.746 |0.744 
9,000 53.84 |21.20 /0.739 '0.733 |0.728 |0.724 |0.721 |0.719 |0.717 


10,000 51.85 |20.41 |0.716 |0.709 |0. 703 |0.698 |0.694 |0.692 |0.690 
12,000 48.09 |18.93 |0.669 |0.661 |0.656 |0.651 (0.647 (0.644 0.642 
15,000 42,88 |16.88 |0.606 |0,596 |0,589 0,585 0.580 |0.577 0.575 


103 gives the standard curve for the 25-cm. sphere (non- 
grounded) (25°C., 76 em. barometric pressure) and curves caleu- 
lated therefrom for 25°C. and various barometric pressures. 

Experimental Determination of the Effect of Air Density—The 
equation for the air density correction factor was determined by 
an extensive investigation of the spark-over of spheres in a large 
wooden cask arranged for exhaustion of air. This cask was 
built of paraffined wood and was 2.1 meters high by 1.8 meters in 
diameter inside (see Fig. 104). 

Tests were made by setting a given size of sphere at a given 
spacing, gradually exhausting the cask, and reading spark-over 
voltage at intervals as the air pressure was changed. (Tem- 
perature was always read, but varied only between 16 and 21° 
C.) This was repeated for various-spacings on spheres ranging 
in diameter from 2 cm. to 25 cm. At the start, the possible 
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TaBLE XXVIII.— Caucunatrep VALUES OF @ FOR DIFFERENT VALUES OF 5 
V6R + = 


a = vil 


( 


VR + 0.54 


Relative Values of a 
air density Diameter of standard spheres in em. 

0) 6.25 12.5 25.0 37.5 50.0 on) 100.0 
0.50 0.547 | 0.535 | 0.527 0.522 0.519 0.517 0.516 
OF55 0.594 | 0.582 | 0.575 OS% 0.567 0.565 0.564 
0.60 0.640 | 0.6380 | 0.623 0.618 0.615 0.613 0.612 
0.65 0.686 | 0.677 | 0.670 0.665 0.663 0.661 0.660 
0.70 0.732-| 0.724 | 0.718 | - 0.714 0.711 0.709 0.708 
0.75 Oni me O aia On 166 0.762 0.759 ORM 0.756 
0.80 0.821 | 0.816 | 0.812 0.809 0.807 0.805 0.804 
0.85 0.866 | 0.862 | 0.859 0.857 0.855 0.854 0.853 
0.90 0.910 | 0.908 | 0.906 0.905 0.904 0.903 0.902 

.95 0.956 | 0.955 | 0.954 0.953 0.952 0.951 0.951 
1.00 1.000 | 1.000 | 1.000 1.000 1.000 1.000 1.000 
1.05 1.044 | 1.045 | 1.046 1.047 1.048 1.049 1.049 
1.10 1.092 |} 1.092 | 1.094 1.095 1.096 1.097 1.098 

49 
200 ba lass “OD 
180 Bo POS 
oe ot . 

160 F O—Fe ot 
Eso or 5 
2 aoa 5 
= 120 Wy So-54 Q 
a Z é , oct 
= (Ly 
eS 100 VY 
& 80 y 
a 60 YY 

Ya 
ol-_Y 
O24 6810) 12:14 146) 18) 20 
Spacing cm, 
Fie. 103.—Sphere gap spark-over voltages at various air pressures. (12.5-cm. 


spheres. 


Non-grounded. 


Curves calculated. 


Points measured.) 
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effect. of spark-overs on the succeeding ones in the cask was 
investigated and found to be nil or negligible. A resistance of 
1 to 4 ohms per volt was used in series with the spheres. Wave 
shape was measured and corrected for. Voltage was read on a 


Fra. 104.—Cask for the study of the variation of spark-over and corona voltages 
with air pressure. 


voltmeter coil, by step-down transformer and by ratio. Pre- 
cautions were taken as noted elsewhere. 

In order to illustrate the method of recording data, ete., a small 
part of the data for various spheres and spacings is given in 
Tables XXIX to XXXII. Considerable data are plotted in 
curves, Figs. 105 to 107. The points are measured values. The 
drawn lines are calculated by multiplying the voltage values 
from the standard curves at 6 = 1, by the correction factor. 
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TaBLE XXIX.—Spuere Gap Spark-over VOLTAGES AND GRADIENTS 
5.08-cm. Spheres. Non-grounded 


Spacing Relative | Kv. | gs measured 

air = 
Cm. In. | density | Effective Maximum Effective Maximum 
5.08 2 1.018 78.4 NE @) 27.4 38.9 
5.08 2 0.980 ILE 107.0 26.5 37.6 
508 1 | 2 0.944 73.1 103.5 | 25.6 36.2 
5.08 2 0.903 70.7 100.0 24.8 35..0 
5.08 7) 0.872 68.7 OTe 24.0 34.0 
5.08 2 0.836 64.0 90.5 22.4 31.7 
5.08 | 2 0.798 63.6 90.0 | 22.3 31.5 
5.08 | 2 0.764 61.1 86.4 21.4 30.2 
5.08 2 0.726 58.9 83.3 20.6 29.2 
5.08 2: 0.682 59.1 80.5 19.6 28.2 
5.08 2 0.654 54.0 76.4 18.9 26.8 
5.08 2 0.618 61.5 73.0 18.0 25.6 
5.08 Z 0.578 49.0 69.3 ly 24.3 
5.08 z 0.544 45.8 64.7 16.0 22.6 
5.08 2 0.510 43.3 61.2 15-2 21.4 


TaBLe XX X.—SpPHERE GAP SPARK-OVER VOLTAGES AND GRADIENTS 
12.5-cm. Spheres. Non-grounded 


Spacing Relative Kv. gs Measured 
| ae air 
Cm. | In. density Effective Maximum Effective Maximum 
1257 5 | 0.982 163.0 230.0 23.1 382.7 
12.7 5 0.951 156.0 221.0 22.2 31.4 
PD 7 5 0.917 150.0 212.5 21.3 30.2 
124 5 0.880 147.0 208.0 20.9 29.5 
1227 5 0.846 143.5 203.0 20.4 29.8 
12.7 5 0.807 129.5 197.5 19.8 28.0 
UPA ATE 5 0.780 134.5 190. 19.1 27.0 
DAME 5 0.736 1310 185. 18.6 26.3 
U7 5 0.699 125.0 Pera Dies: 25.1 
WAG eh 5 0.666 120.5 iff 3k 24.2 
PARTS 5 0.637 Vs ved) 16.4 DY Al 
iE i 5 0.598 109.5 15.5 22.0 
PAG 7 5 0.561 104.5 14.8 21.0 
Vial 5 0.541 LOL O 14.3 | 20.2 
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ilo-Volta Effective 


4 60 


OMe eee. eS) oe) Ore. hee Se ae) 
Relative Air Density 6 


Fic. 105.—Spark-over voltages at different air densities. (12.5-em. spheres 
non-grounded. Figures on curves denote spacing.) 


TasLp XX XJ.—Spuere Gap SPARK-OVER VOLTAGES AND GRADIENTS 


12.5-em. Spheres. Grounded 


Spacing Relative Ky. fs measured 


air 


Cm. In. density Effective Maximum Effective Maximum 


135.0 : 30.0 
130. ‘ 29.0 
125. 5 27.8 


121. ; 26.9 
114. : 25.4 
110. : 24.5 


103. : 23.0 
101. : 22.4 
96. : 21.4 


90. . 20.2 
85. : 19.0 
78. ‘ 17.4 
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hie sie dot 
El) lf oa ZA 
5.08 om, 


0 0.10.2 0.3 0.4 0.5 0.6 0.7.0.8 0.9 1.0 0 2 4 6 8 10 12 14 16 18 20 22 24 26 
Relative Air Density Diameter of Spheres cm, 
Fra. 106. Fie. 107. 


Spark-over gradients at different air densities for several sizes of spheres. 
(Points measured. Curves calculated from g, = 19.36(1 + ):) 
6R 
TasLp XX XII.—SpHere Gap SpARK-OVER VOLTAGES AND GRADIENTS 
25-cm. Spheres. Non-grounded 


Spacing Relative Iv. gs measured 

air A 
Cm. In: density Effective Maximum Effective Maximum 
7.62 3 1.018 139.0 196.5 22.2 31.5 
7.62 3 0.978 133.5 189.0 21.4 30.3 
7.62 3 0.942 129.5 183.0 20.8 29.3 
7.62 3 0.906 126.0 178.0 20.2 28.5 
7.62 3 0.888 IPA 172.0 19.5 27.6 
Weo2 3 0.839 115.0 163.0 18.4 26.1 
7.62 3 0.796 U0 157.0 17.8 25.2 
7.62 3 0.752 105.5 149.0 16.9 23.9 
7.62 3 0.718 101.5 142.0 16.3 PLANT 
7.62 3 0.685 96.2 136.0 15.4 21.8 
7.62 3 0.646 91.5 129.5 14.6 20.7 
7.62 3 0.608 87.0 123.0 13.9 19.7 
7.62 3 0.570 81.3 115.0 13.0 18.4 
7.62 3 0.527 74.7 105.5 12.0 16.9 
7.62 3 0.491 70.8 100.0 11.3 16.0 
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The calculated values check the measured values closely. 

The equation for the correction factor was deduced from 
measured values as follows: 

From a former investigation it was found that at 6 = 1 the 


average gradient 
0.54\! 
3s = Jo 1 —-- = 
: of 7) 


From this investigation it was found that the average gradient 
at various values of 6 is 


0.54 
i. A) 1 = 
an ( + 7m) 


TaBLE XXXIII.—AvrerAGE ErrecTiIvE RuptTURING GRADIENT FOR 
SPHERES OF SEVERAL DIAMETERS AND VARYING AIR DENSITIES 


Diameter of Spheres, cm. Surface Gradients 


0.54 
Columns marked ‘‘Cale.”’ are from, gs = 19.39(1 a a 


VOR 
2.54 5.08 12.5 | 25 

; | 

| Meas Cale. Meas. Cale. Meas. Cale. Meas. Cale. 

= 

1.00 28.7 28.5 25.8 25.8 24.0 23.4 21.9 22.2 
0.90 26.2 26.1 23.7 23.3 21.8 21.2 19.9 20.1 
0.80 24.0 23.7 21.3 21.3 19.6 ih hen | 17.9 18.0 
0.70 21.3 21.2 19.0 19.0 17.4 16.9 15.7 15.9 
0.60 18.7 18.7 16.7 16.6 Le 14.7 13.6 13.8 
0.50] 16.1 16.1 14,6 14,3 13,0 12.5 LEG ip ke 


The average measured gradients for various values of 6 are given 
in Table XX XIII, the calculated values from the equation are 
also given. The check is quite close. It should be remembered, 
however, that these are average values over this range of spacing 
and that there is a small variation at different spacings as already 
explained (see Figs. 106 and 107). 

Effect of High Pressure, High Vacuum, Short Spacings, Etc., 
on Dielectric Strength of Gases.—Since ionization by collision 
is the essential factor in the ordinary breakdown of gases, any 
effect that will hamper its action will tend to increase the break- 
down voltage necessary (see page 45, Chap. III). Accordingly, 


' Purk, F. W,, Jr., “Law of Corona III,” Trans. A.J.E.E., p. 1767, 1913. 
Prsk, F. W., Jr., “Discussion,” Trans. A.J.E.E., p. 812, 1913. 
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as the data just given on air density has shown, the spark-over 
voltage rises with increased pressure. 

The reason for this is that the decreased spacing of the gas 
particles has lowered the mean free paths of the ions and electrons 
so that greater gradients are necessary for accelerating them to 
ionizing speeds between collisions. At extremely high pressures 
some investigators working at comparatively short spacings! 
have found that there is a certain pressure above which the 
dielectric strength no longer increases (see Fig. 108). This 
has been explained on the assumption that the gas particles’ 
have become so closely packed that collision ionization has 


Kilovolts 


500 
Pounds Per Square Inch 


Fig. 108.—Breakdown strength of air between needle points under high pres- 
sures. (Ryan-Ekern.) 


practically ceased, when some other form of breakdown begins 
to predominate which is not affected by gas pressure. This form 
may involve actual pulling of electrons from the electrodes by 
electro-mechanical forces set up by high field gradients there. 
Inversely, collision ionization may also be seriously hampered 
in extremely high vacuums, as previously discussed (see page 45, 
Chap. III), due to the scarcity of gas particles for taking part 
in the ionization process. Millikan and his fellow workers have 
given this aspect considerable study? and have obtained break- 
downs requiring gradients as high as 6,000,000 volts per centimeter 
which, undoubtedly involve electrons pulled from the metal also 
Another instance of an apparent increase of dielectric strength 
of a gas caused by hampering collision ionization (and preventing 
normal space charge formation) is that occurring in the break- 


1Ryan, H. J., Trans. A.J.H.E., p. 1, 1911. 
2 MILLIKAN and SHACKELFORD, Phys. Rev., Vol. XV, 1920. 
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down of very small gaps. Breakdown tests at short spacings, 
and the results obtained therefrom, were described in Chap. IV, 
page 67. 

Effect of Ultra-violet Light, Etc., on Spark-over Voltages.— 
Ultra-violet light and similar short-wave radiations have been 
shown to cause some electron emission by photoelectric effect 
from metal surfaces, but to create inappreciably ionization in 
air and most gases (see Chap. III, page 45). Accordingly, when 
an ultra-violet light source is directed towards a gap, the only 
effect is a small electron emission from the electrodes. In very 
short gaps of a few millimeters spacing, and in a vacuum, where 
there is less chance of sufficient stray ions being present for start- 
ing collision ionization as soon as the applied field reached break- 
down proportions, the time lag and, consequently, the breakdown 
voltage value may be lessened somewhat by the presence of 
electrons created by ultra-violet light. With larger spacings 
at atmospheric pressure, however, there is an ample number of 
stray ions present for initiating the ionization process so that the 
relatively few electrons added by the ultra-violet light have a 
negligible effect. 

In most atmospheric spark-overs, in practice, ultra-violet light 
has been found to cause no measurable reduction in the average 
breakdown voltage. The only apparent effect has been to 
decrease the variation of the breakdown voltage values at the 
small gap spacings. This is particularly true for rapidly applied 
voltages and impulses. 

With X-rays, however, the photoelectric effect is sufficiently 
intense to cause appreciable reductions of time lag and spark-over 
voltage, especially with impulses. 

Precautions against Oscillations in Testing —A non-inductive 
resistance of 1 or 4 ohms per volt should always be placed 
directly in series with the gap. For the non-grounded gap, one- 
half should be placed on each side. When one gap is grounded, 
all of the resistance should be placed on the insulated side. One 
object of the resistance is to prevent oscillations from the test 
piece, as a partial arc-over on a line insulator, reaching the gap. 
Another object is to limit the current discharge. This resist- 
ance is of special importance when tests are being made on 
apparatus containing inductance and capacity. If there is no 
resistance, when the gap sparks over, oscillations will be pro- 
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duced which will cause a very high local voltage rise over parts 
of the winding. If sufficient resistance is used, these oscillations 
will be dampened out. This is illustrated in Tig. 109 which 
shows results of a test on a high-voltage transformer. 

Referring to Fig. 109, the high-voltage winding of the trans- 
former under test is short circuited and connected to one terminal 
of the testing transformer. The other side of the testing trans- 
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former is grounded. The low-voltage winding of the transformer 
under test is short circuited, connected to the case and ground. 
Voltage is gradually applied to the transformer under test until 
the ‘‘measuring gap”’ sparks over. Insulated taps, 1, 2, 3, 4, 5, 
are brought out at equally spaced points on the high-tension 
winding of the transformer under test. Auxiliary needle gaps 
are placed between 1 and 2, 2 and 3, and 1 and 3 to measure the 
voltage which appears across these sections of the winding when 
the main measuring gap discharges. The numbers between 1 
and 2, 2 and 3, and 1 and 3 represent the sparking distances of 
the local voltages caused by a discharge of the measuring gap. 
Four cases are given with different values of resistance w in the 
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main gap. When w = 1 ohm per volt, the local oscillations are 
completely damped out. 

With small resistance.in the gap, a 19-cm. spark-over causes a 
voltage to build up between coils 1 and 3 (which sparks over a 
150-cem. gap), although the total applied voltage across the 
transformer is only equivalent to a 19-cm. gap. The apparatus 
may thus be subjected to strains far beyond reason, and either 
broken down or very much weakened. Water-tube resistance is 
the most reliable. A metallic resistance, if non-inductive and 
small capacity, may be used. Carbon or graphite rods, although 
rather erratic in their resistance values, are often used because 
of their cheapness and simplicity. 

When the tested apparatus is such that there is considerable 
incipient arcing before spark-over, it is better to use the sphere to 
determine the equivalent ratio of the transformer at a point in 
voltage below the voltage at which this arcing occurs. The 
sphere gap should then be widened out, the spark-over voltage 
measured on the low-voltage side of the transformer or in the 
voltmeter coil, and multiplied by this equivalent ratio. It must 
also be remembered that resistances do not dampen out low 
frequency surges resulting from a short circuit, ete. 

Miscellaneous Precautions.—In making tests it is desirable 
to observe the following precautions: : 

The shanks should not be greater in diameter than one-fifth the 
sphere diameter. Metal collars, ete., through which the shanks 
extend should be as small as practicable, and not come closer to 
the sphere than the gap distance at maximum opening. The 
effect of a large plate or plates on the shanks is given in Table 
XXXIV. The sphere diameter should not vary more than 0.1 
per cent. and the curvature, measured by a spherometer, should 
not vary more than 1 per cent. from that of a true sphere of the 
required diameter. The spheres should be at least twice the 
gap setting from surroundings. This is especially important if 
the objects are large conducting, or semi-conducting masses, 
walls, floor, ete. Care must also be taken to place the spheres so 
that external fields are not superposed upon the sphere gap. 
This is likely to result, especially in the non-grounded case, from 
a large mass of resistance units or connecting leads, ete., in back 
of and in electrical connection with either sphere. The error 
may be plus or minus as indicated for the small plates in Table 
XXXIV. Great precautions are necessary at very high voltages 
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to prevent leakage over stands, supports, etc., and to prevent 
corona and brush discharges. Unless such precautions are taken 
errors will result. 


TaBLE XXXIV.—Errect or Merau PLares ON THE SHANKS. DisTANCcE 
TO GrRouND on Arc-ovpeR—oFr 6.25-com. SPHERES 


Per Cent. Change of Voltage 
eS ee ee 


Non-grounded 5 em. diameter Grounded 5 em. diameter plates. 
Sphere plates. 6.25 em. back of 6.25 cm. back of 
gap, cm. 
Both spheres One sphere Insulated sphere |Grounded sphere 
1.5 0.0 0.0 pie Od =O.u 
3.0 +10 =10 105 a5 
6.0 +2.0 ==)510) =— o,,0) me) 


APPROXIMATE ErFrect cr DISTANCE ABOVE CROUND WHEN ONE SPHERE Is 


GROUNDED 
Diameters of Percentage variation from standard curves for different spacings 
grounded sphere 
above ground x= OR | 2= #8 a z 
0 = HOG = 1,65) 0.0 
1 eg 9) =) 0.0 
2 2s) Saal rn) 0.0 
3 a= ab) = (0,5 0.0 
4 = WEY = (O.@ 0.0 
5 32 Os sp MO. 0.0 
6 a 120 + 0.5 | 0.0 
10 ae 8 ae UAW, 0.0 
20 ae AS + 1.0 0.0 


Nore: The spacing, X, is given in terms of radius, R, to make the correction applicable 
to any size of sphere. The distance of the grounded sphere above ground is, for the same 
reason, given in terms of the sphere diameter. The (+) sign means that a higher voltage 
is required to are over the gap than that given by the standard curve; the (—) sign indi- 
cates that a lower voltage is required. Thestandard curves are made with the grounded 
spheres from 4 to 5 diameters above ground. In practice it is desirable to work between 4 
and 10 diameters, never under 3. Above 10 the variations in per cent. error remain about 


the same. ‘ 
When both spheres are insulated, with the transformer neutral at the mid point, there is 


practically no variation in voltage for different distances above ground, 

In making voltage measurements with spheres, even though 
they have been thoroughly cleaned and polished beforehand, 
it generally happens that the first few spark-overs occur at 
abnormally low voltages. It is only after a number of spark- 
overs have been taken that the breakdown voltage approaches a 
higher constant value. The larger the diameter of sphere used, 
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the lower the initial spark-over voltage. The effect is probably 
attributable to microscopic irregularities due to particles in the 
surface that must be ejected by several voltage applications 
before steady measuring properties exist. In general, this 
initial voltage reduction is not more than 10 per cent., and it 
disappears after a few spark-overs. 

Sixty-cycle Spark-over of Suspension Insulators.—The spark- 
over voltage of suspension insulators varies with the number of 
units, spacing and type of units. Figure 110 shows a 60-cycle 
spark-over curve for one standard type of cap and pin unit of 
534-in. spacing and 10-in. diameter. The breakdown voltage is 


1100 hve Standard /0” Diam. Suspension Type Insulators -5 4% pacing 
1000 i> 
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BeRS2 2h eee 
Beem, 
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Fie. 110.—60-cycle flashover voltages of cap and pin suspension insulator 
strings. 


roughly proportional to the spacing of the units for similar 
types, so that the above curve is not restricted to use with the 
534-in. insulator only. This applies when the spacing is not 
large compared to the diameter. For the 10 in. diameter unit 
it holds between the 4 in. and 6 in. spacing. 

Rain and Water on Sphere Surface.—Figures 111 and 112 
show the effect of rain and water on points and spheres. The 
ratio of dry to rain (0.2 in. per minute) spark-over voltage for a 
given spacing will average about 2.5 for 6.25 to 50-em. spheres. 

High Frequency, Oscillations, Impulses——A great deal of 
confusion often results in discussing the effects of high fre- 
quency on insulation without differentiating between continu- 
ous sine wave high frequency, oscillations, and steep wave front 
impulses. This is so because the effects may be quite different, 
and are all attributed to the same cause. 
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High frequency from an alternator, or a series of oscillations, 
may cause high-insulation loss, heating, and the resulting weak- 
ening of the insulation. Single trains of oscillations, or single 
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Fie. 111.—Spark-over voltages between points. o, dry; A, wet; x, rain. 0.25’ 
per minute. 60° points on 1.25 cm. rods. 

impulses, may not produce heating. Energy, and therefore 

definite finite time, is required to rupture insulation. For a 

single impulse, or oscillation, where the time is limited, a greater 

400 ; 
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Spacing cm. 
Fia. 112.—Spark-over voltages between 25 cm. spheres. 1, dry; 2, wet surface; 
3, rain (0.25’’ per min.). 


voltage should be required to break down a given insulation than 
for continuous high frequency or for low frequency. Experi- 
ments bear this out.!. High local voltages may result from high 


1Pgpx, F. W., Jr., “The Effect of Transient Voltages on Dielectrics,” 
Trans. A.J.E.E., Vol. XXXIV, p. 1857, 1915. (See Appendix.) 
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frequency, oscillations, etc. The flux may lag behind the 
voltage in non-homogeneous insulations. (This does not apply 
to air.) For a given thickness of a homogeneous insulation, and 
when heating does not result, a greater oscillatory or impulse 
voltage of short duration is generally necessary to cause puncture 
than at 60 cycles. 
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Fie. 113.—Sphere-gap spark-over Fie. 114.—Sphere-gap spark-over 
voltages at 60 cycles and 1000 cycles. voltages at 60 cycles and 1000 cycles. 
5.08 cm. spheres. 12.5 em. spheres. 


(Drawn curves 60 cycles. Points 1000 cycies.) 


Some of the effects will now be discussed: 

Frequency.—Over the commercial range there is no variation 
in sphere-gap voltages due to frequency. Figures 113 and 114 
show spark-over curves up to 25 kv. at 1000-cycle sine wave 
from an alternator. The voltage was measured by a static 
voltmeter calibrated at 60 cycle |The drawn curve is the 60- 
cycle curve, the points are measured values. The direct-current 
spark-over voltage is generally equal to the maximum of the 60 ~ 
spark-over voltage.' Figure 115 gives a 60-cycle curve, and 
also a 40,000-cycle curve from a sine wave alternator. The 
voltage in this case was measured by a static voltmeter. No 
special care was taken to polish the sphere surfaces. At low 
frequencies, at rough places on the electrode surface, there is local 
overstress; but even if the air is broken down, the loss at these 
places is very small and the streamers inappreciable. At 
continuous high frequency, 40,000 cycles, for example, a local 


‘Perk, F. W., Jr., “The Effect of High Continuous Voltages on Air, 
Oil and Solid Insulation,” Trans. A.J.E.E., p. 783, 1916. (See Appendix.) 
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breakdown at a rough point probably takes place at very nearly 
the same gradient as at 60 cycles, but the energy loss after the 
breakdown at this point occurs may be one thousand times as 
great. This forms a needle-like streamer which increases the 
stress and local loss. Spark-over then takes place from the 
“electric needle” at a lower voltage than the true sphere-gap 
voltage; thus, it seems that the air at high frequency of the above 
order is only apparently of less strength. These electric needles, 
when once formed, may be blown to different parts of the sphere 
surface. The corona starting point appears to take place at a 
lower voltage at high fre- 

30 
quency, because the localloss 9, 
at rough points, which occurs 26 
before the true critical voltage 24 


is reached, is very high at high = 
frequency and distortsthefield 2).|_ 


and masks the true starting #1 
voltage. The loss at rough 3" 
points starts at the same volt- 
age at low frequency but is A 
inappreciable and cannot 6 
change conditions. If the 4 
sphere surfaces are very highly 
polished, it seems that the 
high-frequency spark-over Fic. 115.—Sphere gap spark-over volt- 
voltage should check closely ages at 60 cycles and 40,000 cycles. 
with the 60-cycle voltage. 
This should also apply for corona on polished wires. The follow- 
ing limitation, however, applies to both cases. At continuous 
high frequency when the rate of energy or power is great, frequency 
may enter into the gradient equation thus 


A4/' ¢ (f) 


and spark-overs take place at lower voltages at very high fre- 
quency. This is more fully discussed in Chap. VIII. 
Destruction of insulation by high frequency, when heating 
does not result, is due to local overvoltage. For instance, low 
high-frequency voltage may be applied to a piece of apparatus 
containing inductance and capacity, as a transformer. On 
account of the capacity and inductance, very high overvoltage 
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may be built up and breakdown result due to overvoltage. The 
petticoat of an insulator may be broken down by an electric 
needle, formed as described above, bringing the total stress on 
the thin petticoat. The sphere curves check very closely for 
oscillatory voltage of short duration and voltages of steep wave 
front, even under ordinary conditions of surface. With needle 
gaps the results are quite different at high and low frequency. 
At continuous high frequency the needle point and the surround- 
ing space become hot, due to the loss, and spark-over takes place 
at low voltage. For impulses, the opposite is true. _The 
sphere gap is, thus, the most reliable means of measuring oscilla- 
tory voltages and voltages of steep wave front. When used for 
continuous high frequency, the surfaces must be kept highly 
polished. 

Dielectric Spark Lag with Steep Wave Front.—A fixed minimum 
voltage is required to spark over a given gap when the time of 
application is not limited. Energy is necessary to rupture 
gaseous, liquid, and solid insulation; this introduces a time 
element. 

This effect may be shown roughly by Fig. 116. The spark- 
over voltage of a given needle gap is e:, and always practically 
constant, if the time of application is not limited. Spark-over 
may take place after the continuously applied voltage e; has 
been on for some time ¢;. If a voltage increasing at a rapid rate, 
as represented by A in Fig. 116, is applied, spark-over will not 
take place when the continuously applied spark-over voltage e, 
is reached, because the time ¢, is required to produce the spark- 
over at this voltage. The spark will probably begin to form when 
the voltage reaches the value e;, however. The voltage will, 
therefore, rise above e;, and spark-over will take place after the 
time t. has elapsed and the voltage has risen to e2. When the 
voltage is applied at a more rapid rate along wave B, the spark, 
as before, will begin to form approximately when voltage e; is 
reached. The voltage will continue to rise and reach the value 
e3; during the time ¢3, before the spark-over occurs. Thus, on 
account of the time lag, when voltage is applied at a very rapid 
rate, as by an impulse, spark-over does not occur when the 
continuously applied breakdown voltage is reached. The voltage 
“overshoots” this value during the time that rupture is taking 
place. The excess in voltage is greater, the greater the rate of 
application. The time lag for any given gap or insulation has, 
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thus, not a fixed value but depends on the wave shape of the 
impulse or rate of application of the voltage. In making a study 
of such phenomena, it is necessary to use certain definite wave 
shapes. The continuously applied (60-cycle or direct-current) 
spark-over voltage is the lowest voltage at which spark-over 
can take place. 

The time required to spark over a gap varies with the spacing 
and shape of the electrodes. For a given 60-cycle voltage setting, 
the time required to form a spark is greatest for gaps between 
points and least for gaps between well-rounded surfaces. For 
spheres, the time lag is so small that discharge usually takes 
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Fie. 116.—Diagrammatic illustration of why the lightning or impulse spark 
over voltage is higher than the continuously applied. 


place before the impulse voltage can rise appreciably above the 
continuously applied or 60-cycle spark-over voltage. 

The needle gap requires the maximum time of any gap, as 
considerable air must be ionized before spark-over can result. 
Another way of considering it is that the corona increases the 
capacity and places resistance in series with it as it forms. It 
requires time to charge a condenser through resistance. With 
a sphere gap the field is practically uniform throughout, so that 
the gradients reach breakdown proportions everywhere along 
the path between electrodes at approximately the same instant. 
Consequently, the time lag of the sphere gap is very small. 

Impulse Ratio.—The term ‘‘impulse ratio” was first used! to 
express roughly the overvoltage characteristic of a given wave 


1 Purk, F. W., Jr., Trans. A.J.H.E., Vol. XXXIV, p. 1857, 1915. 
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with respect to a given gap. It is equal to the ratio of the spark- 
over voltage of the applied wave to the 60-cycle crest spark-over 
voltage, for the same gap. 

Sphere gaps, if used at spacings less than one diameter, will 
breakdown at values practically equal to the continuously 
applied or 60-cycle crest spark-over voltage, even for steep 
impulse waves which reach this value in time intervals as short 
as 49 microsecond. Due to this negligible time lag, as previ- 
ously discussed, sphere gaps usually have an impulse ratio of 
approximately unity. Table XXXVI gives test results secured 
from early work with the original laboratory lightning generator 
(see Fig. 117) which show the spheres to have impulse ratios 
close to unity even at abnormally long spacings. 


TABLE XX XV.—Imputse Ratio or NEEDLE GAP 


Voltage required to cause needle gap to 
spark over 


Spacing of needles Ratio impulse to 


(cm.) Impulse measured by | 60 cycles, 
60 cycles (max.) 25-cm. spheres (dia.) voltage 
(max.) 
4.3 62.0 i 1.45 
8.0 96.1 1.49 
12.0 140.0 1.65 
25.0 260.0 


Notes: Above impulse wave has 5 microsecond effective duration. 


TaBLE XXXVI.—ImputsE Ratio or 6.25-cm. SPHERE 
(Compared to 25-cm. Sphere) 


Voltage required to cause 6.25-cm. sphere to 


spark over at gaps greater than the diameter 


6.25-cm, diameter Ratio impulse to 


sphere gap, om. Impulse measured by 60 cycles, 
60 cycles (max,) 25-cm. sphere (dia.) voltage 
(max.) 
6 127 134 1.05 
8 144 152 1.05 
9 154 160 1.04 
10 156 168 1.06 
12 168 180 1.08 
15 180 198 1.10 


Notre: Above impulse wave has 5 microsecond effective duration. 
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Table XXXV gives the impulse ratios for needle gaps taken 
at the same time. The analysis of-this high overvoltage charac- 
teristic of needle gaps was given in the previous section. In 
this it was apparent that the steeper the wave front the greater 
the impulse ratio. From the results of Table XXXV it can be 
seen that with the same wave shape the impulse ratio also 
increases with increased spacing and, therefore, increased break- 
down voltage. Recent impulse spark-over tests, which will be 


described later, have indicated impulse ratios as high as 3.5. 
Impulse or Lightning Generator —A lightning generator giving 


single impulses of known wave shape and voltage was devised 
by the author in 1913 to study the effects of impulse voltages on 
air, oil, and solid insulation as well as to make a study of lightning 
protection.! 


R; 
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Fig. 117.— Original laboratory lightning generator circuit. 


The circuit is shown in Fig. 117(a). The gap is set at some 
desired voltage. The transformer voltage is increased until 
discharge occurs. At that instant, the condenser C' is charged 
up to a voltage corresponding to the gap setting. There is very 
little drop in the resistance R, since the 60-cycle charging current 
is relatively small. A dynamic are forms at G and holds. This 
acts as a switch and the condenser discharges through the known 
inductance and resistance R and the are. R is a very small 
fraction of R;. For the large impulse current FR, is practically 
equivalent to infinity. The circuit producing the impulse is 
shown in Fig. 117(b) or is, in effect, that shown in 117(c). The 


1 Prk, “The Effect of Lightning Voltages on Dielectrics,” Trans. 


A.I.E.E., p. 1857, 1915. 
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Fig. 118.—Circuit diagram of 5,000,000 laboratory lightning generator. 


Fra. 1194A.—5,000,000 volt laboratory lightning stroke. 
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condenser discharging through the known resistance and induc. 
tance causes a transient current that can be calculated readily- 


The current produces an im- 
pulse voltage drop across R. 
This is the impulse voltage 
used in testing. 

The original generator 
which gave 200,000 volts 
was added to from time to 
time by the author and in 
1923 was increased up to 
2,000,000 volts to ground.! 

Up to the early part of 1927, 
the laboratory lightning work 
had progressed so far that it 
seemed important to double 
the 2,000,000 volts available 
at that time. This high volt- 
age was desirable so that full 
size apparatus could be tested 
and results obtained without 
extrapolation. Accordingly, 
a  3,600,000-volt generator 
was built and placed in oper- 
ation. At the beginning of 
1928, the generator was ex- 
tended to give 5,000,000 volts 
and laboratory lightning 
studies were begun at this 
voltage. Double the directly 
generated voltages due to 
reflection have been measured 
at the ends of transmission 
lines. 

A radically new method 


was developed to obtain these 


P Fic. 1198.—Lightning sparkover of 
| 2 
last very high voltages. The suspension insulator string of 27 standard 


effect is of adding two, three, cap and pin units by 5,000,000 volt 


a0 enerator. 
four, or more of the original * 


1 PrgK, ‘Electrical World,” p. 1135, 1923. 
2 Penk, “‘Lightning—Progress in Lightning Research in the Field and in 
the Laboratory,” Trans. A.J.E.E., p. 436, 1929. 
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generators in series at the proper instant so that all of the 
respective impulse voltages add together. No rectifiers are 
used. The alternating-current voltage is applied directly to 
each unit generator. At that instant on the crest of the wave, 
that each unit is fully charged, gap spark-overs take place 
that connect the generators in series and the impulse occurs. 
The connections are shown in Fig. 118A. The condensers of 
the four generators C1, C2, C3 and C, are charged from the trans- 
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Fia. 120.—Impulse sparkover curve of 100 em. sphere gap. 


former to a crest voltage corresponding, approximately, to the G, 
gap setting. Sparkover occurs on G, followed immediately by 
sparks on G2,Gs3 andG,. Resistance Ru, Rs, Rc, Rp, Ri, Ro, and 
R; permit the small 60-cycle charging current to flow but are, in 
effect, infinite to the very high impulse current. The result is 
as shownin Fig.118B. Three gaps are in series on 3,600,000 kv. 
and four on 5,000,000 kv. One, two, three, four, or more steps can 
be used. The wave shapeis determined by R,L,and C. Waves 
varying in duration from a few microseconds to 1000 microseconds 
have been experimented with. A capacity of at least 0.0034 
microfarad is usually used per unit. The maximum energy is 
about 14,000 watt-seconds. 
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Figure 119A and B show 5,000,000 volt spark-overs of a needle 
gap and insulator string by the lightning generator. The maxi- 
mum sparking distance possible with such a voltage depends 
upon what wave shape of surge the lightning generator is adjusted 
to give. With a surge of a very short duration, a spark-over of 


Fria. 121.—Impulse sparkover between 100 cm. spheres. 


only 13 ft. can be secured at 5,000,000-volts crest. Longer dis- 
distances can be broken down with long waves, as will be explained 
later, as much as 28 ft. being possible with 1000-microsecond front. 

The appearance of the discharge and the destructive effects 
of the laboratory lightning generator are similar to those of 
natural lightning; wood may be blown apart, fires may be set, 
metal conductors can be vaporized and made to disappear, 
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discharges in water and oil produce explosive results, etc. (see 
Appendix, Table X, page 319). 

Impulse Spark-over of Gaps and Insulators —Extensive spark- 
over tests have been made under the author’s direction with both 
the old and the new laboratory lightning generators. Figure 
120 shows an impulse spark-over curve of a 100-cm. sphere gap. 
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Fie. 122.—Impulse sparkover voltages of point gap for different wave shapes. 

Above voltages are crest values of waves sparking over 50 per cent. of time, break- 
downs occurring along tails. 
Due to the negligible time lag of spheres and, consequently, their 
unity impulse ratio characteristic, the above curve is practically 
identical with the 60-cycle calibration curve when the latter is 
plotted in crest values of voltage. 

As was discussed previously (see Electron Theory, Chap. III, 
page 43), theoretical analysis indicates that there is probably 
some local breakdown at the sphere surfaces just prior to complete 
flashover even with the spheres perfectly smooth. Figure 121 
shows a 1500-ky. impulse flashover of a meter sphere gap in 
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which the brief surface brushes are seen extending out along 
the lines of flux, particularly from the upper ungrounded sphere 
where the field intensities are greatest. It is only possible to 
observe this effect when steep inpulse waves are applied to the 
spheres. It is not visible with more slowly applied voltages, 
such as 60-cycles. The probable reason for this is that break- 
down has a tendency to start simultaneously along many electro- 
static flux paths, but one of them eventually attains a greater 
conductivity than the others, so that the voltage gradient along 

3000- 
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Kilovolts (Maximum 
= 
oO 
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1000 ) 4 Actual Lines 
I 


Number of Units 
Fig. 123.—Impulse sparkover voltages of suspension insulator strings for 
different wave shapes. Above voltages are crest values of waves sparking over 
50 per cent. of timc, breakdowns occurring along tails. 


it drops to a lower value than is necessary to sustain the remaining 
breakdown paths. The latter then disappear and the one favored 
path proceeds across the gap as long as the field terminating at 
its outer end is above the breakdown gradient of the air. Witha 
rapidly applied impulse wave, the time involved is so short 
that many breakdown paths have a chance to extend out appreci- 
ably from the sphere surface before one of their number has a 
chance to assume low voltage characteristics. With a slowly 
applied voltage, however, such as 60-cycles, the favored break- 
down path develops from the start, and ‘“‘short-circuits”” the 
field about it so that no other streamers have a chance to appear. 


152 DIELECTRIC PHENOMENA 


Figure 116 shows a curve indicating the overvoltage charac- 
teristics of a needle gap. It is seen that the shorter the time for 
spark-over, the higher the impulse ratio, or the steeper the wave 
front, the greater must be the voltage, providing breakdown 
occurs on the front of the wave. As will be indicated later (see 
page 155), whether the point of breakdown occurs on the front 
or tail of the wave depends upon the wave shape and the crest 
voltage. Figure 122 gives impulse flashover curves of a needle 
gap at various spacings and with different shapes of applied 
waves. The time factor ¢, indicated on the curves, characterizes 
the waves by the time intervals that they persist above the half- 
voltage values. 

Figure 123 gives curves of impulse flashover voltages on stand- 
ard 10-in. diameter, 534-in. spacing, suspension insulator units. 
This spark-over voltage is proportional to the overall distance 
from line to ground so that for use with other insulator spacings 
the curve voltages should be varied proportionally. While the 
operating frequency spark-over voltage of an insulator is reduced 
when the surfaces become wet or during rain, tests have shown 
that the lightning spark-over voltage is unchanged when the 
duration of the lightning impulse is short. 

The impulse ratio of a sphere gap is practically unity and it 
will indicate the voltage at the crest of the wave. It is generally 
desirable to know the effective duration of the wave, however, as 
well as its crest, so that a ‘“‘time gap” is necessary. The suspen- 
sion insulator is a very good gap for this purpose. An example 
will best illustrate the use of such a gap. Assume that it is 
desired to compare the lightning spark-over voltage of two 
entirely different types of bushings, but that it is not possible to 
do this in the same laboratory with exactly the same waves. A 
sphere-gap measurement would give the crest of the wave, but — 
equal spark-over voltages would not indicate equivalent bushings 
unless the shapes of the waves were known. A very good com- 
parison can be obtained, however, by the insulator time gap even 
if the waves differ considerably. This can be done by placing 
an insulator string in parallel with the bushing and applying 
impulses and adding or removing units from the string until 50 
per cent. of the sparks occur on each. The equivalent break- 
down strength of the bushing is thus obtained in terms of line 
insulators. Since the impulse ratio of bushings and insulators 
varies up and down together over a wide range with varying 
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wave shape, the effect of variations due to such differences is 
eliminated, and a good comparison is obtained. The lightning 
spark-over voltage of the bushing for any particular wave can 


Micreseconds 


Fig. 124.—Cathode-ray oscillogram of typical impulse wave of 
generator. 


lightning 


Fre. 125.—Impulse wave recorded on cathode-ray oscillograph using oscillatory 
sweep for timing axis. 


then be determined from the lightning spark-over curve of 
the insulator string. The insulator time gap also offers a con- 
venient method for comparing the lightning strength of solid 
insulation. 
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The impulse ratios of actual surges imposed on lines by 
lightning have been determined in the field. This has been done 
by measuring the crest.voltage of a surge, actually causing a flash- 
over, by means of a surge voltage recorder or klydonograph and 
comparing it with the normal 60-cycle flashover voltage of the 
insulator. Such voltage values measured on transmission lines 
are indicated by crosses on Fig. 123. Impulse ratios of natural 
lightning obtained in this way vary from 1.8 to 2.0. In a few 
cases, values as high as 2.7 were obtained, indicating either very 
steep wave fronts, or high-voltage waves of extremely brief 
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Fra. 126.—Impulse sparkover of 19.9 em. needle gap. 


duration, probably the former. The impulse ratios obtained as 
a whole seem to indicate an effective duration from 1 to 20 micro- 
seconds, this effective duration being the time that the wave is 
above the 60-cycle spark-over voltage of the insulators. Labora- 
tory impulse work on insulation has been carried out with applied 
waves having the above characteristics, so as to simulate field 
conditions as closely as possible. The nature of lightning surges 
themselves is discussed further in a later chapter (see Chap. IX, 
page 258). (See Fig. 205, and pages 281-282.) 

The use of shields and arcing devices on insulator strings, 
particularly for protection from flashovers under lightning 
impulses is described in detail in Chap. XI, page 324. 

Oscillographic Study of Impulse Flashovers.—In the first studies 
of transients, wave shapes could not be pictured directly; it was 
necessary to calculate them. The cathode-ray oscillograph 
(see Chap. III, page 39) now affords a means by which oscillo- 
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grams can be taken readily. It is interesting that these oscillo- 
grams, measuring time in microseconds (millionths of a second), 
check the early work.' Figure 124 shows a typical oscillogram 
of an impulse wave of the new laboratory lightning generator. 
This particular wave reaches its crest in a fraction of a micro- 
second and then decays to half value in 5 microseconds. Surges 
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Fic. 127.—Effect of wave shape on impulse sparkover. 


(a)—Impulse waves with same front showing change of sparkover voltage 
with wave length (sparking on 50 per cent of applied impulses)—50 cm. needle 
gap. 

(6)—Impulse waves of same impulse ratio and approximately same effective 
duration. 


are frequently measured along a high-frequency timing wave, as 
in Fig. 125. 

This oscillographic method has afforded a definite means of 
analyzing the breakdown characteristics of a given wave on a 
given gap. Whether the front or the tail of the wave is the 
controlling factor in determining the lightning spark-over 
depends upon the voltage. This is well illustrated in the oscillo- 


1Prux, F. W., Jr., Trans. A.J.H.E., Vol. XXXIV, p. 1857, 1915. 
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grams of Fig. 126, representing actual test records on a 19.9- 
cm. point gap. The same wave shape was used throughout 
these tests. In the first tests, the voltage was increased until 


Fie. 128.—Typical cathode ray oscillograms of impulse breakdowns of air gaps. 


a—Impulse breakdown of 13 cm. needle gap on front of wave. 
b—Impulse breakdown of 12.5 cm. spheres, spaced 9.5 cm. on crest of wave. 
c—Impulse breakdown of 13 cm. needle gap on tail of wave. 


spark-over occurred at 50 per cent. of the applied impulses. An 
impulse wave with a crest voltage of 175 kv. was required for 
breakdown while the 60-cycle crest spark-over value for the same 
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distance was 125 kv. The impulse ratio was accordingly 1.40. 
The actual sparking points on the wave are indicated by the 
crosses. An interesting fact was found here—probably for the 
first time—namely, that spark-over actually took place after 
the tail of the wave had decreased below the 60-cycle value. 
Apparently the breakdown effect, once started by the over- 
voltage, continues, so that the spark actually forms after the 
wave has fallen below the minimum 60-cycle crest spark-over 
voltage. This is of great theoretical interest. A wave 57.5 
per cent. in excess of the minimum impulse spark-over voltage 
was next applied to the gap. As can be seen from Fig. 126, 
spark-over still took place on the tail but at a higher value. 
Breakdown of the gap occurred on every applied impulse. 
With 130 per cent. excess voltage, spark-over took place practi- 
cally on the crest of the wave, while at 178 per cent. overvoltage, 
it occurred on the front of the wave. The corresponding impulse 
ratios for this short gap cover a range from 1.4 to 3.50. Figure 
127(a) shows the variation in spark-over voltage with waves of 
the same front but with 5, 10, and 20 microseconds duration 
above the 60-cycle spark-over voltage. In Fig. 127(b) are shown 
waves of various fronts but of the same impulse ratio, so that the 
effective durations or time intervals prior to spark-over above the 
60-cycle value are the same. In general, such waves manifest 
the same breakdown properties. In Fig. 128 are given actual 
oscillograms of impulse spark-overs of gaps in air. These 
oscillograms show cases of breakdowns occurring on the front, 
crest, and tail of typical waves. 

Precautions in Testing and Design Work.—The line insulator 
is generally designed so that at commercial frequencies the 
spark-over voltage is lower than the puncture voltage. For 
lightning or impulse, both the spark-over voltage and the 
puncture voltage should be much higher. By applying a 
sufficient number of impulses at voltages higher than the 60- 
cycle puncture voltage, an improperly designed insulator may be 
punctured. During the time that the air is breaking down, this 
overstress produces small cracks in the porcelain. The effect is 
cumulative. The cracks gradually extend and puncture results. 
This subject is, hence, of great importance. 

It is necessary in making operating frequency spark-over 
measurements on certain apparatus to guard against superposed 
oscillations. For instance, on line insulators at operating fre- 
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queney there is generally considerable corona discharge long 
before spark-over. This discharge may cause oscillations which 
will affect the measuring gap and cause it to indicate higher 
normal frequency voltages than really exist. This is largely 
eliminated in practice by the use of high resistance in the measur- 
ing gap. 

Resistance should not be used in series with a gap for measuring 
transient impulse voltages, however, since the extremely high- 
transient current will cause most of the voltages to appear across 
the resistance (see Appendix page 390). 

The author has used the impulse ratio to study the change in 
the voltage and wave front of a wave as it travels on a transmis- 
sion line.! The impulse ratio decreases as the wave front. 

The lightning spark-over voltage of line insulators may be 
several times the operating frequency spark-over voltage. While 
the normal frequency spark-over voltage of an insulator is 
reduced when the surfaces become wet or during rain, the 
lightning spark-over voltage is unchanged. 

Some of the peculiar effects observed in researches with impulse 
voltages are as follows: 

Much higher impulse voltages are usually required to spark- 
over a given distance than voltages at operating frequencies; 
conductors at normal frequency voltages are often good insu- 
lators for lightning voltages, 7.e., water may be punctured like 
oil (see Table X, Appendix, page 391); the wet and dry spark- 
over voltages of insulators are equal; etc. 

Effect of Altitude on the Spark-over Voltages of Bushings 
and Insulators.—For non-uniform fields, as those around wires, 
spheres, insulators, etc., the spark-over voltage decreases at a 
lesser rate than the air density. The theoretical reasons for this 
have been given, as well as the laws for regular symmetrical 
electrodes for cylinders and spheres. (See pages 62 and 125.) 

It is, however, not possible to give an exact law covering all 
types of leads, insulators, etc., as every part of the surface has its 
effect. The following curves and tables give the actual test 
results on insulators and bushings of the standard types. The 
correction factor for any other bushings or insulator of the same 
type may be estimated with sufdcient accuracy. When there is 


‘Prk, “High Voltage Phenomena,” Jour. Frank. Inst., January, 1924, 
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doubt 6 may be taken as the maximum correction. It will gen- 
erally be advisable to take 5 because the local corona point on 
leads and insulators will vary directly with 6. This is so because 
the corona must always start on an insulator in a field which is 
locally more or less uniform. 

The tests were made by placing the leads or insulators in the 
large wooden cask, already referred to, exhausting the air to 
approximately 6 = 0.5, gradually admitting air and taking the 
60 cycle spark-over voltage at various densities as the air 
pressure increased. The temperature was always read and 
varied between 16 and 25°C. 

At the start a number of tests were made to see if a spark-over 
in the cask had any effect upon the following spark-overs by 
ionization or otherwise. It was found that a number of spark- 
overs could be made in the cask with no appreciable effect. 
During the test, the air was always dry and the surfaces of the 
insulators were kept clean. 


TaBLE XX XVII.—Susprension INsuLAToRS—Four UNItTs 


Bar. cm. Vac. cm. Pressure (eRe 6 over 60 cycles 
18.4 37.4 38.0 22).0 0.50 APAL SO 
75.4 34.3 41.1 22.0 0.54 131.0 
75.4 30.0 45.4 22.0 0.60 144.0 
75.4 26.4 49.0 22.0 0.65 158.5 
75 .4 23.0 52.4 22.0 0.70 165.0 
75.4 19.3 56.0 22,0 % 0.74 IEE AD) 
75.4 17.5 51.9 | 22.0 0.87 183 .2 
75.4 15.0 GUA = alt 22.0 0.80 195.0 
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TaBLeE XXX VIII.—TERMINALS 
Correction Factor for Leads Shown in Fig. 129 
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TasBLE XX XIX.—Post anpD PIN INSULATORS 


Correction Factor for Insulators Shown in Fig. 130 


(a) 


(0) 


| Post 
1.00 1.00 
0.90 0.93 
0.80 0.84 
0.70 0.76 
0.60 0.68 
0.50 0.60 


oo OOo = 
~] 
wo 


TaBLeE XL.—SusPENSION INSULATOR 


Fig. 131 


Correction Factor for Units in String as Follows 


Number of units 


1 2 3 4 5 
1.00 1.00 1.00 1.00 1.00 1.00 
0.90 0.96 0.93 0.90° °° |.2nc5 ds ck nel ee a eee ae 
0.80 0.91 0.84 O80" | disc steehe st erect eee 
0.70 0.86 0.76 ONTO Wh Ne. tate ysh senate aera 
0.60 0.80 | 0.66 Q260" | ara tag Gia eal pee eee 
0.50 0.72 0.55 OV50" Wn seerie paler ceta aeteretee 


Taste XLI.—Susprension INsuLaTor 
Fig. 1382 
Correction Factor for Units in String as Follows 


Number of units 


1 2 3 | 4 5 
1.00 1.00 1.00 1.00 1.00 1.00 
0.90 0.94 0.92 0.90 0. 902) Wal retort 
0.80 0.87 0.84 0.80 O.. 05 SR cenere ceva 
0.70 0.81 0.73 0.70 O70 9) oh aaa ee ae 
0.60 0.72 0.63 0.60 0:60 SOS eae ee 
0.50 0.62 0,52 0.50 EU es crac tucson o 


Table XXXVII is a typical data sheet. 
XLI give even values of 5 and the corresponding measured cor- 
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Fie. 129.—Variation of spark-over 
voltage of transformer leads with air 


density. 


(a) 15.2 em. high by 17.8 cm. dia. 
(b) 21.6 em. high by 17.8 cm. dia. 
(c) 28 em. high by 17.8 cm. dia. 
(d) 38.1 em. high by 17.8 cm. dia. 
Height measured from case to metal cap on top. 
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Fra. 131.—Suspension insulator. 
(Dia., 30 cm. Spacing 16.5 cm.) 
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130.—Variation of spark-over 
voltage insulators with air density. 


(a) 30.2 cm. high. 
(b) 13.5 em. high by 16.8 cm. dia. 
(c) 28.6 em. high by 36 cm. dia. 
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Fig. 132.—Suspension insulator, 
(Dia., 27 cm. Spacing 17 cm.) 
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rection factors. If the spark-over voltage is known at sea level 
or 6 = 1(76 cm. barometer, temperature 25°C.), the spark-over 
at any other value of 6 may be found by multiplying by the cor- 
responding correction factor. It will be noted that in most cases 
the correction factors are very nearly equal to 6. 6 would be 
the correction factor in a uniform field and should be, as already 
stated, taken as such in most cases, especially where dirt and 


—— 


Altitude-Feet 
2 8 
cS S 
o i=) 


0 FEE EEEE EEE 


1000 EH H 


0 5 6 ee 8 9 1.0 
5 Relative Air Density 


Fig. 133.—Approximate variation of air density with altitude. 


moisture enter, as in practice. Furthermore, it should be taken 
as it is the actual correction factor for the starting point of local 
corona on insulators. 

Figure 133 is a curve giving different altitudes and correspond- 
ing 6 at 25°C. If the spark-over voltage is known at sea level 
at 25°C., the spark-over voltage at any other altitude may be 
estimated by multiplying by the corresponding 6, or more closely 
if the design is the same as any in the tables, by the correction 
factor corresponding to 5. If the local corona starting point is 
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known at sea level, it may be found for any altitude by multiply- 
ing the corresponding 6. If the barometric pressure and tem- 
perature are known, 6 may be calculated. 

As an example of the method of making corrections: Assume 
a suspension insulator string of three units with a spark-over 
voltage of 205 kv. (at sea level 25°C. temperature). 6 = 1. 
What is the spark-over voltage at 9000 ft. elevation and 25°C.? 

From Fig. 133, the 6 corresponding to 9000 ft. 

6 = 0.71 
Then the approximate spark-over voltage at 9000 ft., 25°C. is 
é, = 0.71 X 205 = 145 kv. 

If this happens to be the insulator of Fig. 132, the correction 
factor corresponding to 6 = 0.71 is found in Table XLI, by inter- 
polation, to be 0.71. The actual spark-over voltage for the 
special case happens to check exactly with that given by 6. For 
practical work, a correction may generally be made directly by 
use of Fig. 133. 

The spark-over voltage of an insulator is 100 kv. at 70 cm. 
barometer and 20°C. What is the approximate spark-over 
voltage at 50 em. barometer and 10°C.?_ 


3.92 X70 _ 
ores. 
B02 <50= . 
iors 0 
0.61 
xp = WMO SK Coie 65 kv. 


If the local corona starting point is known at sea level, it may 
be found very closely for any other altitude by multiplying by 
the correction 6. Figure 231, p. 310 gives an alignment chart 
from which any value of 6 may be obtained readily for given 
values of temperature and pressure. 

Effect of Rain and Humidity on the Spark-over of Insulators 
and Bushings.—The wet or rain spark-over voltage is generally 
lowered from 30 to 90 per cent. of the dry spark-over voltage 
dependent upon the type of insulator and the rainfall. The 
reduction is much less for heavily corrugated and skirted insula- 
tors and bushings than for those with smoother surfaces. It also 
depends upon the rate of rainfall and the resistance of the water. 
Figure 134 shows curves of the flashover voltages of suspension 
string of 3, 5, and 8 units with different resistances of rain water 
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Fig. 134.—Curves showing effect of water resistance on wet 60-cycle sparkover 
voltages of suspension insulator strings. 
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and rates of rainfall. The insulators are the same as those used 
in the dry spark-over curve of Fig. 110, page 138, so that a 
direct comparison of typical wet and dry spark-over values may 
be made. 

The lightning or impulse spark-over voltage is generally not 
lowered by rain! (see Appendix, Table XI, page 392). 

Figure 135 shows the effect of humidity on the spark-over 
voltage of various strings of suspension insulators, the particular 
type of unit used in these curves being the same as in Figs. 110 
and 134. The rise in voltage with humidity up to a certain 
point on each of the curves may be attributed to the same cause 
as that given previously in this chapter for needle gaps (see page 
id7): 
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Fig. 136.—Curves showing effects of smoke, dirt, moisture, etc., on 60-cycle 
sparkover voltages of suspension insulator strings. 


The Effect of Smoke and Dirt Deposits on Insulator Flash- 
overs.—Dirt, soot, salt, etc., on the surface of insulators do not, 
as a rule, lower the flashover voltages appreciably, provided 
they are perfectly dry. When moist, however, the spark-over 
voltage may be reduced to a third of the dry sparkover value. 
Figure 136 shows the effect of different surface conditions on the 
flashover voltage values of various lengths of insulator strings. 
The worst condition depicted in Fig. 136, as shown by the lowest 
curve, is encountered with an atmosphere heavy with smoke and 
steam, and the insulator surfaces dirty and moist. 

Many operating companies find it absolutely necessary to 
clean periodically all insulator surfaces in order to maintain 

1 Punk, G. H. Rev., Vol. XIX, p. 567, 1916. 
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operation in sections particularly exposed to atmospheres of 
dirt, smoke, salt, fogs, and the like. 

Effect of Polarity on Spark-over.—On p. 103, Chap. IV was 
discussed the difference in the corona starting voltages and the 
intensity of corona on an unsymmetrical gap with a positive and 
a negative impressed unidirectional voltage. A similar difference 
is found in the spark-over voltages of such gaps, breakdown in 
air at atmospheric pressure always taking place at a lower voltage 
when the electrode having the more intense field is positive.’ 
This difference is greatest in the direct-current spark-over 
between a point and a plane, the breakdown voltage with the 
point positive always being less than half of the voltage with a 
negative point for spacings up to several feet, at least. This 
polarity factor also occurs with impulse voltages, the same applied 
wave being capable of breaking down a longer gap when the 
electrode in the more intense field is positive than when it is 
negative. This difference in the effect of polarity is less with 
impulse than with a continuously applied direct-current voltage, 
and decreases the shorter the length of the impulse wave (see 
Table V, Appendix, page 388). 

This same effect of electrode shape on polarity has been found 
in the puncture of liquid and solid insulations.? In the flashover 
of insulators there will be a similar difference in the positive and 
negative breakdown values provided there is an appreciable 
difference in the electrostatic fields at the opposing electrodes (see 
Appendix, Table V, page 388, and Table VII, page 389). With 
usual suspension insulator string set-ups, however, the difference 
in flashover voltage values is generally not very great. 

Three-phase Spark-over.—If three wires are placed at the 
corners of an equilateral triangle and three-phase voltage applied, 
the maximum voltage gradient or stress at the conductor surface 


ae 
is - a (= 1.155) times the stress thet occurs when single-phase 


voltage is applied between any two of the wires. The maximum 
three-phase stress on any conductor thus does not occur at the 
instant of maximum voltage between conductors but at the 
instant of maximum voltage between that conductor and neutral. 
Corona on the various conductors thus rotates and starts at a 
15.5 per cent. lower line to line voltage than at single phase. 

1 Punk, Trans. A.J.H.E., p. 783, 1916. 

> Marx, E., Archiv fur Elektrotechnik, Vol. XX, p. 589, 5/6, 1928. 
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When conductors are close together, corona and spark-over 
are coincident for reasons explained elsewhere. Therefore, with 
many conductor arrangements and three-phase voltages the 
spark-over occurs at a 15.5 per cent. lower voltage than single 
phase. This is not at the instant of maximum voltage between 
conductors. 

Even at large spacings the three-phase spark-over occurs at a 
lower voltage than single phase. Three-phase spark-over 
between points is shown in Fig. 137. Under symmetrical condi- 
tions the sparks always form a Y. 


Fre. 137.—Three-phase 60-cycle flashover between three needle points (distance 
between points—120 in.). 


Some Peculiar Effects in the Breakdown of Gases.—Apparent 
anomalies frequently occur in the behavior of gases under break- 
down conditions. Examples of some of these may be found in 
Fig. 39, p. 67. Here it is seen that the question of whether 
the breakdown gradient at the surface of a wire is lower for 
positive or negative potentials, depends on the gas to be ruptured. 
It is also apparent that air has a higher corona breakdown 
gradient than either of its components, oxygen or nitrogen. 
Several investigators have found by spectral analysis that 
although oxygen by itself has a lower corona starting gradient 
than nitrogen, yet the corona spectrum of air shows no signs of 
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oxygen participating in the ionization process, nitrogen radiations 
being the only effects discernible in the spectrum. In Fig. 39 
it is also evident that’ although helium shows the lowest corona 
rupture voltage, it has the highest ionizing potential (see page 
44, Chap. III) of any of the other gases involved. 

Such peculiar effects in the breakdown of gases have been 
noted and commented on in the past by various investigators. 
As yet no clear and tangible explanation has been given for these 
apparent anomalies so that they will not be discussed further here. 


CHAPTER VI 
CORONA LOSS 


The starting voltage of corona and the various factors affecting 
it were discussed in Chap. IV. In the present chapter, the 
power loss resulting from corona is taken up, and the investiga- 
tion, from which the laws of corona were developed is described.! 
The method of determining the various relations from the data 
for these laws is shown, and the many laboratory and field tests 
which have checked the laws since are included. In particular, 
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Fig. 138.—Experimental outdoor line. 


there are given descriptions of more exacting laboratory measure- 
ments recently made with the cathode ray oscillograph, which 
also serve to substantiate the earlier work. 

Lines, Apparatus, and Method of Test.—The Lines. The first 
investigation was made out of doors. The conductors used in 
this investigation were supported by metal towers arranged in 
two parallel lines of two spanseach. The length of each span was 
approximately 0.150 km. (500 ft.). These tower lines will be 


1 “Law of Corona I,” Trans. A.J.E.E., p. 1889, 1911. 
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designated by A and B, respectively. The conductors were 
strung in a horizontal plane with seven disk suspension insulators 
at each point of support. Tor preliminary tests four No. 3/0 
B. & S. (1.18 em. diameter) seven-strand, hard-drawn copper 
cables were put in place on each line. A seven-strand steel 
ground cable was also strung. After a number of tests had been 
made the ground cables were removed from line A. The con- 
ductors on line A, however, were kept in place as a standard 
throughout all the investigations. The conductors were removed 
from B, and the first span of this line was used to support various 
sizes of conductors at various spaces (see Fig. 138). 

These lines were erected in a large field. The prevailing winds 
were from the west over open country, that is, free from smoke 
from the city and the factory on the east. 

Test Apparatus.—A railroad track was run directly under the 
line, and the testing apparatus was housed in three box cars. 
This proved a very convenient arrangement, as the cars could be 
quickly run back to the factory when changes or repairs were 
necessary. 


Frequency Af 


Rotary Motor _Alternator_ | [===] 


Car I Car II 


Fra. 1389.—Circuit connections in corona loss measurements, 


The high-voltage transformer and the testing apparatus were 
placed in car No. 2. The portion of the car roof over the trans- 
former was made of heavy canvas. This could be quickly rolled 
back, and the leads from the line were dropped directly to the 
transformer terminal. By means of a framework and canvas 
cover, the transformer could be protected from the weather and 
investigations carried on during rain and snow storms. The 
power supply, speed, and voltage, were all controlled from car No. 
2. In fact all of the adjustments could be made from this car 
(see Fig. 139). The transformer was rated at 100 kw., 200,000 
volts, and 60 cycles. On the low side were four 500-volt coils. 
These coils could be connected in multiple or series for change of 
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ratio. The high-tension winding was opened at the neutral and 
taps were brought out for the ammeter and current coil of the 
wattmeter. Three taps were also brought out here from the 
main winding for voltage measurement (see Fig. 139). 

Car No. 3 served as a dark room for making photographs and 
visual tests on short wires and cables. 

Methods of Test——Accurate power measurements of corona are 
difficult to make, because of the nature of the load, low power 
factor, and high voltage. It is not desirable to make the measure- 
ments on the low side because of the difficulty in separating the 
transformer iron and load losses, and these may be sometimes as 
large as the corona losses. In these tests, the current coil of 
the wattmeter and the ammeter were put in the high-tension 
winding of the transformer at the neutral point and the neutral 
was grounded. The voltage coil of the wattmeter was connected 
to a few turns of the high-tension winding at the neutral.! All 
of the loss measurements were also duplicated on the low side as a 
check. Frequency was held at the test table by means of the 
motor field and a vibrating reed type of frequency meter. 

Voltage was controlled in two ways—by the potentiometer 
method and by rheostats in the alternator field. The potenti- 
ometer method operates by a resistance in series with the supply 
on the low side of the transformer for voltage control and a multi- 
ple resistance across the transformer, taking about three times the 
exciting current, to prevent wave distortion. When the leading 
current was very high a reactance was arranged to shunt the 
generator and approximately unity power factor could be held. 
This prevented overloading the generator and reduced wave 
shape distortion. For a set of tests at a given frequency the 
ratio of the main transformer was kept the same. Where losses 
at several frequencies were to be compared, the main transformer 
ratio also was changed to keep the flux on the generator as nearly 
constant as possible—for instance, at 45 cycles a ratio of 500/ 
200,000 would be used, while at 90 cycles a ratio of 1000/200,000 
would be used. Wattmeters especially adapted to the tests 
were constructed. These were of the dynamometer type; each 
was provided with a 75-volt and 150-volt tap. The voltmeter 
coil ratio on the transformer and the wattmeter tap were always 
changed to give the best reading. Four wattmeters were used 


1 HEnpnices, A. B., Jr., Trans. A.J.Z.E., p. 167, 1911. 
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TaBLE XLII.—ExpERIMENTAL LINE—A. Corona Loss—10-6-10. 4 P.M. 
Caen eee ee ee aaa cnETnETEEESEEInEn nna naan 


Low side total readings High side total readings 
Volts Amperes Kilowatts Kilovolts Amperes Kilowatts 
Line on | 
395 16.5 0.40 80.5 0.077 0.10 
435 EY, 0.60 90.5 0.087 0.13 
490 20.5 0.70 101.6 0.101 OSL7 
535 22.6 0.80 TN eed 0.112 0.22 
590 24.7 1.00 120.4 0.119 0.28 
635 Paee a! TeLO 130.2 0.135 0.35 
680 29.2 1.40 13972> | eSO2945 0.45 
735 31.6 1.80 150.0 | 0.158 0.68 
780 33.4 2.40 159.0 0.169 1.10 
812 35.3 3.30 165.8 0.178 1.80 
830 36.3 3.60 169.0 0.181 2.40 
862 37.5 5.12 176.6 0.190 3.60 
893 39.2 6.35 183.2 0.199 4.70 
914 40.5 7.50 187.0 0.207 6.00 
975 43.9 11.40 200.0 0.227 9.30 
1020 47.8 14.50 209.0 0.243 12.60 
1050 49.3 17.00 214.2 0.253 14.60 
1080 52.7 19.50 220.2 | 0.267 17.60 
1125 55.5 22.80 223.4 0.283 20.30 
Line off 
400 1.14 0.40 80.0 0.005 0.05 
500 1.37 0.62 100.5 0.007 0.10 
600 1.63 0.82 121.5 0.008 0.15 
718 1.87 1.18 143.5 0.010 0.21 
812 2.05 1.45 161.0 0.011 0.28 
905 2.29 1.80 181.0 0.013 0.35 
1015 2.69 2.20 202.2 0.015 0.44 
1095 3.25 | 3.64 217.0 0.017 0.54 
a 
Weather 


Cloudy—rain in morning. Barometer 75 cm. Temperature: wet 10°C. 
dry 12°C. 


Line and connections 
(1 and 3) (2 and 4) ground wires in place. 


Totalvconduetor lengthier sneic nie eterna aera 109,500 cm. 
PPR CHIE He cass pie oscave ly ec craw ee Re I na ee 310 cm. 
No. 3/0 seven-strand cable diameter................ LVS ieme 


‘Transformer ratioc... comes doteae aren eee 1000/200,000 
Frequencynn vhs ccihet tims Cie ee oo eeere 60 cycles. 
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in these tests. The meters were all carefully calibrated in the 
laboratory at unity power factor and at 0.10 leading power 
factor, at both 25 and 60 cycles. 

Humidity, temperature, and barometric pressures, as well as 
general weather observations, were taken during each test. 

Indoor Line.—Later, an extensive investigation was made in a 
large laboratory room, 17 meters (57 ft.) wide by 21 meters 
(70 ft.) long. The lines were strung diagonally between movable 
wooden towers. Strips of treated wood 1.25 em. square by 80. 
em. long were used as insulators. The total length of conductor 
possible with four wires was 80 meters. By this arrangement it 
was possible to make a more complete study on the smaller sizes 
of conductors, and also to extend the investigation over a greater 
frequency range. The apparatus used was otherwise the same 
as in the outdoor tests. 

The Quadratic Law.—Table XLII is a typical data sheet for 
Line A. Figure 140 and Fig. 143 show the characteristic corona 
curves. The corrected values for Table XLII are recorded in 
Table XLIII. 


Taste XLIII—Corona Loss, OpseRvVED VALUES CORRECTED FROM 


Taste XLII 
print a Line ampere ae Een ee K.v.a. Power factor 
iineeon to neutral e line loss p 
80.5 0.072 | AQT Ze We Weteerads.s<.s4- SOUL Wet raals cost: 
90.5 0.081 Ze Far ae eee ete re oke Ac ooh Coen |S a so miceene 
101.6 0.094 OMS ema eek ops aonstduc PDO a Sewers ne ievanet 
iglal it 0.104 DOM Ow pa lecy seni sentria eis Werars sree eek Oe 3 
120.4 Qiblab 60.2 0.11 13.40 0.008 
130.2 0.126 65.1 0.15 16.40 0.009 
139.2 0.135 69.6 0.22 18.80 0.012 
150.0 0.147 75.0 0.40 22.10 0.018 
159.0 0.157 79.5 0.79 25.00 0.032 
165.8 0.166 82.9 1.42 27.60 0.051 
169.0 0.168 84.5 2.04 28.40 0.072 
176.6 Omi 88.3 3.21 31.20 0.103 
183 ,2 0.185 91.6 4.28 33.90 0.126 
187.0 0.193 93.5 §.55 36.10 0,154 
200.0 0.212 100.0 8.78 42.40 0.207 
209.0 0.227 104.5 12.02 47.50 0.253 
214.2 0.237 107.1 13.99 50.40 0.276 
220.2 0.250 WGI), a 16.94 55.10 0.307 


174 DIELECTRIC PHENOMENA 


The shape of the curve between kilovolts and kilowatts sug- 
gests a parabola. After trial it was found that the losses above 
the knee of the curve follow a quadratic law. Below the knee it 
was found that the curve deviates from the quadratic law. This 
variation near the critical voltage is due to dirt spots, irregular- 
ities, and other causes, as discussed later. The main part of the 


curve may be expressed by' 
p = c(e — €)? (32) 


Kilo-Watts = D 


ye woe Farr) 0 6 


— 


: i 
0 110 120130 140 150 160 170 180 190 200 210 


etween Lines 
55 65 75 85 95 105 
Kilo-Volts(pH.) To Neutral 
Fie. 140.—Characteristic corona loss curve for large stranded conductor. 


Line A conductors 1-2-3-4. 3/0, 7-strand cable, diameter, 1.18 cm. Total 
conductor length, 109,500 em. Spacing, 310 em. Points, measured values. 
Curve calculated from p =0.0117 (e — 72.2)2. e = Disruptive critical 
voltage. ev = Visual critical voltage. Test table XLIIT 
where 

p = the line loss 

e = kilovolts to neutral 

éois called the disruptive critical voltage, measured in 
kilovolts to neutral 

The meaning of e, and c? will be considered later. The best 
mechanism of evaluation of constants for a given set of tests may 
now be considered. Equation (82) may be written 


Vp me c(e ee eo) 


1 PEgK, F. W., Jr., “Law of Corona I,” Trans. A.I.E.E., p. 1889, 1911. 
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then, if the quadratic law holds, the curve between v/p and e will 
be a straight line. e, will be the point where the line cuts the e 
axis, and ¢ will be the slope of the line (see Fig. 141); e, and ¢ 
may be evaluated graphically in this way. It is difficult to 
know how to draw the line accurately and give each point the 
proper weight. To do this the YA method is used, as follows:! 

The values of e and p for the set of readings to be investigated 
are first tabulated and a curve plotted (Fig. 141). All points that 


ge 


e 


Q| | Visual Critical Volta 


110 120 130 140) 150 1C0 170 180 190 200 210 Bet.Lines 
55 60 6S 075 «= 85——s«9HCS—=«éiO'S 0) Neutral 
Kilovolts Effective 
Fie. 141.—Corona loss curve plotted between Vp and e. (Large conductor. 


Data same as Fig. 140.) 


differ greatly from the straight line are eliminated as probably in 
error, or, as at the lower part of the curve, following a different 
law. The remaining readings are taken and formed into two 
groups, each of an equal number of readings. 
Group 1. ie ZV Pp 
Group 2. Dee D/p iS 7 
Then Ade = Sie — 2.¢ ALlV/p= DV Pp — D\/p 
Dle= Det re TDe/p = TVpt+ mvp 
_AZV»d 


Sar we 


ZZe — 
6& = 


TZ0/p 
(6 


n 
where n is the number of points used. 


1 Srrinmerz, ‘Engineering Mathematics,” p. 232. 
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Thus e, and c are determined. 


Taste XLIV.—Corona Loss, CALCULATED VALUES FoR Fia. 140 
p = c*(e — €)* 
p = 0.0117 (e — 72.2)? 


Kilovolts be- | Kilovolts to Kilowatts Kilovolts be- | Kilovolts to| Kilowatts 
tween lines e’ neutral e p=c2(¢—eo)? | tween lines e’ neutral e | p=c*(e—eéo)* 
144.4 W202 0.0 183.2 91.6 4.41 
150.0 75.0 0.10 187.0 93.5 5. 32 
159.0 79.5 0.63 200.0 100.0 9.03 
165.8 82.9 1.34 209.0 104.5 12.25 
169.0 84.5 ie 214.2 107.1 14.25 
176.6 88.3 3.04 220.2 110.1 16.80 


TaBLE XLV.—Corona Loss 
Method of Reducing (Data from Table XLIII) 


Kilovolts between | Kilovolts to ; = 
line e’ | neutral e | Te | VP 
120.4 60.2 0.11 0.332 
130.2 65.1 0.15 0.388 
139.2 69.6 0.22 0.470 
150.0 15.0 0.40 0.632 
159.0 79.5 0.79 0.889 
165.8 82.9 1.42 1.192 
169.0 84.5 2.04 1.428 
176.6 88.3 SierAll 1.792 
183.2 91.6 4.28 2.069 
187.0 93.5 BuOD 2.356 
200.0 100.0 8.78 2.963 
209.0 104.5 12.02 3.467 
214.2 107.1 13.99 3.740 
220.2 110.1 16.94 4.116 


Total’conductomlengthy.; .creniemeeiee re ecient ete eee 109,500 cm. 


Spaciig’s sicniy soba saa Sede Geo ere Oe eee 310 cm. 
No. 3/0 seven-strand cable diameter 
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e p Ade = 36.6 AZSVWp= 3.935 
91.6 2.069 DLe = 606.8 SEV = 18.711 
93.5 2.356 
100.0 2.963 AD 
eee es ee c— ewe = 0.108 
104.2 3.467 3 
107.1 3.740 
= 0.011 
fioet e arliG erat? 
Dee = 285.1 De p= 7.388 Soy 22V/p 
Die = 321.4 LiV/p = 11.323 hin Je é 
6o= 721 " 


Table XLV shows the method of reducing. The curve (Fig 
140) is drawn from the equation p = 0.0117 (e — 72.2)2. The 
circles show the experimental values, and indicate where the 
losses deviate from the quadratic law. 

Table XLVI gives a similar set of data for a small wire. The 
results are plotted in Figs. 142 and 143. 


PEEEEEE EY 
maaan is 


s= DP 


oo 


Kilo Watts = 


inna 


50 60 70 80 90 100 110 120 180 140 150 Between Lines 
25 35 45 55 65 95 To Neutral 
Kilo-Volts Effective 


Fig. 142.—Characteristic corona loss curve for small wire. 


No. 8 copper wire. Diameter, 0.328 cm Total length, 29,050 cm. Spacing, 
0.328 cm. Table XLVI, Line B. 
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40 60 80 100 120 140 160 180 


20 80 40 50 60 70 80 90 
Kilo-Volts Effective 


200 

Between Lines 
100 
To Neutral 


Fie. 143.—Corona loss curve plotted between /p and e. (Small conductor. 
Data same as Fig. 142.) 


TaBLeE XLVI.—Corona Loss 
2A Method of Reducing 


Kilovolts between Kilovolts to Kilowatt line ie 
line e’ neutral e loss p Pp 
70.0 35.0 0.02 0.14 
80.0 40.0 0.07 0.26 
91.2 45.6 0.26 0.51 
101.3 50.6 0.85 : 0.92 
110.0 55.0 1.42 1219 
120.0 60.0 2.02 1.42 
130.0 65.0 Ze 1.65 
141.5 LO0ae 3.51 1.87 
70.0 35.0 0.06 0.24 
80.0 40.0 0.10 0.32 
90.5 45.2 0.26 0.51 
101.3 50.6 0.96 0.98 
109.9 54.9 1.43 1.20 
152.0 76.0 4.45 2.01 
160.4 80.2 Saka 2.20 
170.0 85.0 6.06 \ 2.46 
180.6 90.3 7.04 2.65 
190.6 95.3 8.26 2.87 
200.0 109.0 9.52 3.08 
193.6 96.8 8.60 2.93 
176.0 88.0 6.65 2.58 
155.0 1020 4.66 2.16 
136.0 68.0 3.01 nS 
si ee eee 
Total conductorleng this. omer sei eters nena ee 29,050 cm 
SPAcing «icici steloeieveye css veoh rereione a aoe orl nce nee 183 em 
No. 8 H. D. copper wire—diameter..............+.....-..-. 0.328 cm 
Temperature ew iererre cree eccisss ys seiekedoruseyys ota RoR atte ee 1.5 


Barometer vy oiy ge wise geeshace es eireyecdh ears ene eee 76.6 
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e Vp e Vp Zte = 841.1 Axe = 93.7 
ZivVp = 2415 AzlV/p= 3.80 
100.0 3.08 80.2 2.27 
0682 2.93 77.68. 2:15 24.15 
95.3 2.87 68.0 1.73 eon ciO 
90.3 2.65 60.0 1.42 ed 2 arr ee 
85.0 2.46 88.0 2.58 or. 
467.4 13.99 373.7 10.15 me gd eae 
— c? = 0.00168 


p = 0.00168(e — 25.2)3 


To investigate the law further it is now necessary to determine 
the various factors affecting e, and e?.. These will be taken up 


0 20 40 60 80 100 120 140 160 130 200 220 
etween Lines 

0 10 20 30 40 50 60 70 80 90 100 110 
Kilo-Volts Effective To Neutral 


Fra. 144.—Corona loss plotted between ~/ D and e to illustrate the quadratic law. 
Phosphor-bronze conductor. Diameter, 0.051 cm. Spacing, 366 cm. Total 
length, 29,050 em. -Temp., —6.5° C. Bar., 77.3 cm. Line B. 


under separate headings. The loss near the critical point will 
then be discussed. 


In Fig. 144, ~/p and care plotted. This is an especially inter- 
esting curve on account of its range. The measurements are 
taken up to twenty times the disruptive critical voltage, and show 
how well the quadratic law holds. Figures 145 and 146 are 
plotted in the same way to illustrate the quadratic law. 

Frequency.—To determine the way that frequency enters into 
the power equation 


p = (6 — ¢,)* 


a series of loss curves were taken on line A at various frequencies. 

These tests indicated that the loss varied almost directly with 
the frequency over the range investigated. The data are given 
in Tables XLVII and XLVIII. Thus when the frequency does 
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a 
4 


CAE 


é 0 
20 40 CO 80 100 120 140 1C0 130 200 220 100 120 140 10 130 200 220 
Between Lines Between Lines 
10 20 30 40 50 60 70 80 90 100 110 50 60 70 80 90 


Eilo-Voltx Emective -° Seeea Kilo-Volts Effective 7° Neutral 


Fie. 145. Fie. 146. 

Corona loss plotted between Vp and e to illustrate the quadratic law. 
Fig. 145.—No. 8 copper wire. Diameter, 0.328 cm. Total length, 29,050 em. 
Spacing, 244 cm. Temp. 1.5. Bar., 76.6. Line B. 

Fia. 146.—3/o, 7-strand weathered cable. Diameter, 1.18 em. Spacing, 310 
cm. Total length, 109,500 cm. Temp., 16. Bar., 75.3. Line A. 


Taste XLVIJ.—Line A. Conpuctor 2-3. Toran LenetH 54,750 CM. 


ee between 210 200 | 190 | 180 
nes | 
f Kilowatts loss 
47 4.9 3.2 2.0 ihes! 
60 5.1 3.7 2.6 1.6 
70 6.1 4.3 2.8 1 Rey 
80 6.9 5.0 3.4 1.9 
4.50 70), DigohsoMe aie tana S Wife aliewen ometemededeed Ge tr eeee cue meas terete 3.6 2.1 
90 7.5 5.6 3.8 2.6 
100 8.0 5.6 3.6 2.4 
115 9.3 reall 5.0 3.4 
Taste XLVIII.—Line A. Conpuctors 1-2-3-4. Torau Lenern 109,500 
CM. 
Kilovolts bet P 
Sent Aube 210 200 190 180 
if Kilowatts loss 


not vary greatly from 60 cycles the equation may be written 


| af(e an Go)? 
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It was then decided to make the investigation over a greater 
range of frequency, and on shorter lines to prevent wave distor- 
tion due to load, ete. These measurements were made on the 
indoor line. Table XLIX gives data for a 0.333-em. radius wire, 
Care was taken to keep the wave shape as nearly constant as 
possible. The results are plotted in Fig. 147. e, is the same for 


Taste XLIX.—Corona Loss av DIFFERENT FREQUENCIES 
New Galvanized Cable 


Radius = 0.334 em. Total length = 0.0815 km. 
Spacing = 61 cm. 6 = 1.00 
Effective kv. Indoor line 
fo) by } ue by be 
> e & re ra $ s a s e rs 
ie) es ier es ales es wae 
Sele cpt Met ee We ee Ss fe 
Re ez ae) 4 | z Se Bare 
so |/2E| @ | 2s, se a /S2|/28)] we | so/ se a 
M2 j|e~| > |ee|e4|S |gFigs;S |ga es, 
Test 50B, 40 cycles Test 51B, 60 cycles Test 52B, 90 cycles | Test 53B, 120 cycles 
50.5 1.10} 1.05 | 54.0 3.31] 1.82 | 89.5 | 61.5 | 7.84 | 45.0 0.67) 0.82 
53.5 2.57] 1.59 | 62.5 9.15) 3.02 | 85.8 | 54.0 | 7.35 | 50.7 2.88] 1.69 
56.2 4.15) 2.04 | 68.0 | 14.55] 3.88 | 87.0 | 56.0 | 7.48 | 53.7 6.73) 2.59 
59.2 5.84) 2.42 | 72.0 | 20.10) 4.48 | 82.8 | 48.2-| 6.93 | 56.2 | 10.30) 3.21 
64.0 9.10] 3.02 | 78.0 | 28.45) 5.20 | 77.5 37.50) 6.13 | 60.2 | 15.60) 3.94 
66.8 11.55) 3.40 | 87.3 | 40.20) 6.32 | 74.0 | 31.60} &.64 | 69.0 | 30.00] 5.46 
71.5 15.95) 3.99 | 91.5 | 49.70) 7.02 | 66.0 | 18.90] 4.35 | 72.7 | 37.40) 6.10 
73.7 18.44) 4.30 | 82.0 34.60) 6.83 } 60.4 | 12.75) 3.75 |) 71.0 | 32.00) 5.65 
70.7 15.23] 3.95 | 72.8 | 21.10) 4.67 | 50.3 4.90) 1.40 | 75.5 | 41.30 6.42 
67.5 | 12.30] 3.50 | 52.7 | 5.23) 2.90 | 54.3 | 5.02] 2.24 | 81.0 | 53.50) 7.30 
65.0 10.20} 3.36 | 56.0 5. 65) 2.32 | 58.4 9.45) 3.08 | 87.5 | 69.80} 8.35 
60.2 GGA SeOS Mi GL Dil LORZOI pacers stares ell ls syprevous INetei'e tie» 95.0 | 90.00} 9.50 
58.2 DLS ee AO MMOs Sleek OO dic OO Me rare akei] etenereveiltereie vests 80.0 | 51.20) 7.15 
46.7 DESONOs SO ute cOr 2a (ed 9..30)' 4 SSS Phere rece aifaccesuevatell ereratots (ono 4 O01 6742 
Ae velt ee eaete Milic. oraip oie) oske sere duets ere.0'fte a sis 6 Laaiitatilicsiesien|seerarrel Owe | 29140] o.42 
Rate iterate es a ataicts: citievetiersiatall/acralt reroll! aelevjaxs ills, sibiesersi|\s siete, 0.€)|le soles) oie 66.5 | 25.60) 5.06 
céduoonoilesomec 6s 6 aecllec.ornol Soo oo 6] anes Sil aaiStercna Ice cEcig lercieic eld 59.5 | 13.65) 3.69 


30 40 50 60 70 80 90 100 
Effective EK “‘o-Volts to Neutral 


Fig. 147.—Corona loss curves at different frequencies. (Plotted from Table 
XLIX.) 
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all frequencies but the slope c varies with the frequency. Values 
of c? for various frequencies from 30 to 120 cycles and three differ- 
ent sizes of conductor are given in Table L, and plotted in Fig. 


TasBLE L.—VARIATION OF Cc? WITH FREQUENCY 
(Indoor Line) 


| Tests 1-6B Tests 37-4038 | 
r = 0.032 em. r = 0.105 em. sae ees! 
3 r = 0.334 cm. 
s = 61 cm. s = 61 cm. ieadaa 
Fre- Length = 0.0815 km. Length = 0.0815 ~ ; 
quency 5 = 1.00 5 = 1.00 eee ele 
c? per km. £0 c? per km. Co c? per km. lo 
30 0.0052 9.5 0.0071 ZASO™ « cease Gere eee 
40 0.0061 9.5 0.0092 PANES 0.0139 38.0 
60 0.0078 Ors 0.0119 20.5 0.0173 38.0 
75 0.0092 9.5 0.0144 PAVERS? | Vee g sete gree 38.0 
90 0.0107 9.5 0.0157 20.5 0.0240 38.0 
9.5 0 38.0 


148. The points over this measured range lie on a straight line, 
and this line extended cuts the frequency axis at —25. This 


—20 0 20 40 60 80 100 120 1000 2000 3000 4060 5000 6000 7000 
Frequency yg 
Fra. 148.—Variation of c? with fre- Fig. 149.—Variation of c? with s/r. 


quency. (Data from Table L.) 


seems to mean for a given wire and spacing a constant loss plus a 
loss which varies directly as the frequency. 
The equation may be written 
P = ay -/25)(6 —"e;)" 
At zero frequency the equation reduces to 
p =.25a(e — e,)2 


CORONA LOSS 183 


This is not necessarily the direct-current loss. Watson has 
made laboratory measurements of direct-current loss, using an 
influence machine as the source of power.! Some of these 
measurements are compared with the alternating-current loss 
in Table LI, for the same maximum voltages; the difference 
between the direct-current loss and the alternating-current loss 
for the same effective voltages is of course much greater. 


TasiE LI.—Comparison or D.C. Corona Loss witx Loss at 60 Cycizs 
FOR SAME Maximum VOLTAGE 


| D.c. | Corresponding] Measured Ratio 


Voltage Dick wl Die: : 60 ] 
gradient amps. | kilovolts ay es peti roe cee 
5; t 1 
y : - kw./km. e1 kw./km. = 
61 0.003 | 55 | 0.16 39.8 0.25 1.52 
66 0.004 | 59 1 OL 24 42.0 (Oneyé 1.58 
69 0.005 | 62 0.31 44.0 0.50 1.61 
75 0.007 | 67 0.47 48.0 0.80 1.67 
s = 100 cm. r = 0.0597 cm. 


D.c. measurements from Watson, Institute of Electrical Engineers. 


Relation between c® and s/r.—The power equation may be 
written over the commercial range of frequency 


p= We Co = Of 20) (e-— e5) 


where the relation between c? and s/r has not to this point been 
investigated. The relation will first be determined for the prac- 
tical sizes of conductors at practical spacings of the outdoor line, 
and later over greater range from the indoor data. Only 60- 
cycle values will be used, as the data at this frequency are very 
complete. In Table LII are values of c? for various sizes of 
wire and cable at various spacings. c? varies greatly with the 
radius of the conductor 7 and the spacing s. Plotting s/r and 
c2 a curve is obtained that suggests a hyperbola. The curve 
between log c? and log s/risa straight line. Therefore the follow- 
ing relation between c? and s/r is established. 


ge =A (s/7)? (33) 
The fair weather value of c? for standard line A 1-2-3-4 may 


now be examined in Table LILI. 
1Warson, Jour. Inst. Elec. Eng., June, 1910. 
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Taste LII.—ExprrerimentaL VALuES—LINES A AND B 
IEEE SEEN EERE al 


Relation between C? and s/r 


Test Bee 2 3 | Sage tales | owes Material 
No. cm. per km. | conductor 
95 0.168 | 6550| 1.07 280 Wire Gal. iron 
92 0.168 | 4880} 1.07 256 Wire Gal. iron 
86 0.168 | 3700| 1.08 326 Wire Gal. iron 
138 0.328 | 2980] 1.10 331 Wire Copper 
94 0.168 | 2730} 1.07 410 Wire Gal. iron 
IBY, 0.828°| 2230] 1.10 391 Wire Copper 
91 0.168 | 1820] 1.07 506 Wire Gal. iron 
128 Oe5LSa 1530) t.05 412 Wire Copper 
136 0.328 | 1490] 1.10 513 Wire Copper 
82 0.585 | 1480; 1.07 513 Cable Gal. iron 
135 0.328 | 1120) 1.10 570 Wire Copper 
94a 0.168 | 1090} 1.07 633 Wire Gal. iron 
ie 0.585 | 1060} 1.07 543 Cable Gal. iron 
79 0.585 | 770} 1.08 571 Cable Gal. iron 
134 0.328 | 740; 1.10 772 Wire Copper 
126 O-S1Sh 700) eee LL 687 Wire Copper 
18 1.181 | 525) 1.02 950 Cable Copper 
80 0.585 | 520) 1.07 784 Cable Gal. iron 
125 OPaL Sa eso ON mest 1070 Wire Copper 
73 Oleestsue || silyl) Tey 1018 Cable Gal. iron 
100 0.953 193} 1.08 1584 Cable Gal. iron 


TaBLeE LIII.—ReEwuatIon oF c? TO ; FOR Main EXPERIMENTAL LINES 
Line A 1—2-—3-4 
(Standard Line A) 


c2 X 105 1 2 5 
Test No. Be - 5 Test No. oe : 8 
18 945 0.982 | 1.020 103 980 | 0.901 | 1.112 
36 1050 | 0.966 | 1.037 104 892 0.878 | 1.138 
37 945 | 0.959 | 1.043 105 890 | 0.866 | 1.158 
84 945 | 0.983 | 1.074 109 869 | 0.928 | 1.078 
101 955 | 0.925 | 1.081 119 991 0.888 | 1.127 
| | 


a Meee eee eS A ee 

It is seen that these values are not exactly constant but appar- 
ently vary with the temperature and barometric pressure. c? 
and 1/5 in curve (Fig. 150) suggest that c? varies as 1/8. Multi- 
plying by 6 then, reduces c? to the standard temperature of 25°C. 
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TaBLE LIV 
(Corrected c? and s/r) 


c*105 log(c?105) 
f c? X 105 | corrected correct 
Test No. cree s/r read to 25°'G., Meck 5 to 25° oe log = ae Os 
: per km. | 76 cm. 76 cm. us Shee 
bar. bar. 
95 0.168 |6559 289 309 IL OE, 5.704 | 8.787 | Wire 
92 0.168 | 4880 256 275 1.07 5.629 | 8.492 | Wire 
86 0.168 |3700 325 347 1.08 | 5.852 | 8.215 | Wire 
138 0.328 |2980 331 364 1.09 5.892 | 8.000 | Wire 
137 0.328 | 2230 391 429 1.09 6.052 | 7.709 |. Wire 
Ut 0.585 | 1060 543 582 Oe 6.372 | 6.966 | Cable 
126 0.518 | 700 687 755 [LO | 6.637 156.551) Wire 
18 118i 525 950 965 1.02 6.821 | 6.263 | Cable 
80 0.585 | 520 784 840 1.07 | 6.733 | 6.254 } Cable 
125 0.518 | 350} 1070 1190 if ial 7.083 | 5.858 | Wire 
73 0.585 | 310} 1018 1090 iL Ove 6.995 | 5.763 | Cable 
1 


100 0.953 | 193) 1584 1719 08 | 7.405 5.263 | Cable 


2 4 Siz 8 1.0 1.2 


Fig. 150.—Relation between c? and 1/6. 


8 
TanLE LV.—2>A ReEpDuCcTION OF RELATION OF c? TO - 


(c? Corrected to 25 deg. C.—76 em. Barometric Pressure) 


Test No. logs (c?105) loge : Test No. loge (c2105) logs : 
95 5.704 8.787 25 6.637 6.551 
92 5.620 8.492 18 6.871 6.263 
86 5.852 8.215 89 6.733 6.254 

138 5.892 8.009 12 7.083 5.858 
137 6.062 7.709 73 6.995 5.736 
ae 6.372 6.966 100 7.444 5.263 


35.502 48.169 41.763 35.925 
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s 
21 loge(c?10°) 35.50 Z, loge pine 48.17 


8 
Leloge(c?10°) = 41.76 L2 loge Pee 35.92 
AZ loge(c?10°) = —6.26 Az loge : = 12.25 
8 
Dz loge(c?10°) = 77.26 =z loge pss 84.09 
AZ logec? X10 -—6.26 _ ae 
Cee tage ee oe TE 0.51 .50 


log (c?210®) — d== log: = 


ct = ——________* = 9.92 


log (c2105) = —0.5 loge = + 9.92 


c? = 20,500 4 [Z10-* 


and 76 cm. barometric pressure. This particular correction is 
not satisfactory as the range of 6 is small. It seems the best 
until more complete data are obtained. In Table LIV all values 
of c are corrected to 25°C. and 76 em. barometer, and the con- 
stants calculated by the 2A method in Table LV. This gives: 


c? = 20,5001/r/s X 10-5 per kilometer of total conductor at 
25°C., 76 cm. barometer and 60 cycles. 

Curve 149 is plotted from the points calculated in Table LVI, 
while the circles show the actual experimental points. 


TasBLp LVI.—CaucuLaTION or Curve No. 149 From 


(.: x 105 = 20,500") 
$s 


bs fr 8 ir 

r Ne Boe ae = > c? X 105 
250 0.0633 129 

500 0.0447 915 
1000 0.0316 648 


1500 | 0.0258 530 


Curve 151 shows a straight-line relation between log s/r and 
log c?. The equation for the power loss at 25°C. and 76 cm. 
barometric pressure and any frequency may now be written 


p = 241(f + 25)V/r/s(e — e,)210-5 (34) 
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where p = the energy loss per kilometer of conductor in kilo- 

watts 

e = kilovolts to neutral 

€. = disruptive critical kilovolts to neutral at 25°C. and 
76 cm. barometric pressure 

f =the frequency in cycles per second 

y = the radius of the conductor in em. 

8 = the distance between conductor centers in cm. 


The value of e. varies with the radius of the conductor r, and 
the spacing s, and will be discussed later. 

Relation between c’, r, and s for Small Conductors and Small 
Spacings. (Indoor Line.)—The loss was investigated for very 
small conductors at large and small spacings, and for large 
conductors at small spacings, on the indoor line. The conductors 
ranged from 0.025 to 0.046 cm. in radius, and the spacings from 


(=z) 


i 


c4 105) 


( 


Loge 
bo 


Fig. 151.—Determination of equation between c? and s/r. 


12.5 to 275 em. The quadratic law still holds—the relation 
between c?, 7, and s, however, becomes more complicated. This 
is also true of the disruptive critical voltage. Below a spacing 
of about 15 em. it is difficult to express the loss in terms of a law, 
as the results are erratic, probably due to the great distortion 
of the field, which is augmented when the corona starts, greatly 
increasing the loss above the quadratic. 

For conductors 0.025 em. in radius and above, and 15 cm. 
spacing and above, this data shows that 


fp et + 0.04 
e 10-° per km, of conductor (38a) 


188 DIELECTRIC PHENOMENA 


The more complete equation is, therefore, 


r +2 + 0.04 


p = 241(f + 25) (e — ea)? 10-® kw. per km. 


. of conductor.! (34a) 


In Fig. 152 the points are measured corona loss values, while the 
curve is crlculated from equation (34a) (r = 0.032, spacings 46 


and 275 cm.). Data are 
given in the appendix. 

The Disruptive Critical 
Voltage.—As discussed in 
Chap. IV, page 50, the point 
of greatest stress around a 
cylindrical conductor is at its 
surface. When s/r is large, 
the gradient at the surface 
2 40 co 30 400 120 Of the conductor may be 


€-K.YV.to Neutral expressed 
Fig. 152.—Comparison of calculated 
and measured corona loss for small con- de e 
ductors at small and large spacings. gj= a = 1 — (12c) 
(Points measured. Curves calculated - r 108¢ $/T 
from equation (84a) Conductor radius, 
0.032 cm. Spacings, 46 cm. and 275 cm. where e = the voltage to 
6 = 1.01.) neutral 


s = distance between conductor centers 
r = the radius 
Where r and s are in centimeters and ¢ is in kilovolts, g is expressed 


in kilovolts per centimeter. If e., which has been called the 
disruptive critical voltage, is taken for e, 


€o 


Oe ng log. s/r 


go then is the stress at the conductor surface corresponding to 
éo, and will be called the disruptive gradient, to distinguish it from 
the visual gradient g, (see top of page 175 for determination of 
e, values). Values of go for wires and cables taken under a 
variety of conditions on the outdoor line are given in Tables 
LVII and LVIII. These values are corrected to standard tem- 
perature and pressure by dividing by 5. 


‘Prex, F. W., Jr., “High Voltage Engineering,” Jour. Frank. Inst.. 
December, 1913. 
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Taste LVII.—Disrvurrive Crirican Vourace GRADIENT FOR WIRES 
(Values Corrected to 76 cm. Barometer and 25 deg. C., Outdoor Line) 


P ‘ 
Test No. Spacing, em. Radius, em. o: die eet satene 
zs from mean max. to min. 
91 152.0 0.084 SLO Meets eeed tert ee ae 
94 PPAVAI itl bch tt byt ale OL Ge eee We ee eee ae nee 
92 ALO. OD oh see ne ATT Ih eee; eat Cees hain! Ok 
95 OOO OR ewas cee eae OO een erent ene 
Avg. = 30.9 5.8 7.9 
134 12250 0.164 PSI od ee ARE, oH cy SOL ee RE 
135 ea We ee ae \ PINTS, eA 
136 SE GN Diem | A By 29), OR cera cieen ite oe acai 
137 SOOT Meee Pee earn 2ORT eR es eee 
138 ASS Oimees ine aia bare PA Siae ly Sat a Meee ie AER Mere ee 
Avg. = 27.2 7.0 12.7 
125 91.4 0.259 ORs PRA AER Winns tte eatens oo ; 
126 HSSEOM We eyes PATNI Mofo ne ecco | bey eC 
127 PHASED yl! 2 eae eo PAI ees cee ie eel SORES EOS Oe 
128 BOOM ase eae 2 ZR ep Ss Al Catenlav ee sWenrltes 2 
Avg. = 26.9 6.7 9.4 
122 91.4 Q .463 Pras Spaatey hear Se 2 NARS aera 
123 SSO bee aac aeereet ors OA Reese erat ares Wc te ticwer tcl 
120 LAP Ota nites case SOS eek COE eer icone, tials cohik 
124 LAO. Waal Ee eae ee SHUM he” oes eas deal Oboe home OReee 
Avg. — 30.1 4.8 Bo@ 


Total Avg. 29.0 


If the values of e. for standard line A (1.8-cm. seven-strand 
cable) are examined it is found that the average value of go is 
25.8 kv. per centimeter maximum. For cables between 0.583 em. 
and 1.18 em. in diameter and various spacings, the average value 
of g. is 25.7 kv. per centimeter maximum, or, in other words, go is 
constant for commercial sizes of cables, at practical spacings, and 
is 25.7 ky. per centimeter maximum. In determining the value 
go for seven-strand cables, r was taken for convenience as the 
outside radius. Hence, the above g. is not the actual g. as 
obtained for wires, but is an apparent g.. The actual g, may be 
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obtained by taking some mean radius 72 between the outside 
radius r and the radius to the point of contact of the outside 
strands 7}. 2 approaches r in value as the number of strands is 
increased. 


Taste LVIII.—Duisruptive CriricaL VotTaAGE GRADIENT FOR CABLES 
(Values Corrected to 76 cm. Bar. and 25 deg. C., Outdoor Line) 


a — 
Per cent. | Per cent. 
Test No. Spacing, ecm. | Tadius, em. g- ky./om- variation variation 
| a | from mean | max. to min. 
| 

73 91.4 0.292 2055650 osc te ls eee ee 
80 L527. Or ai eietenn ac DA: OV roe Soo all re eae 
79 ZAL. 0) Sea ees oe 22 9| ene ee oe 
17 B10), Oa cst hoc 29 9. een 
82 LISS OP ites Senrvetene ake ZO Ole. Swine ate eae See 

Avg. = gets ORS 9.8 
100 91.4 0.476 DED) saad OA aes |e ee 
115 QUA ener ares PATE MOTE ae! gk ey Fh 
116 TSS2On>® trees nee oc >] sO Seren emer eM al eins A. 
AN? PAS AUS tls eee Mes copes 26 Sie cca ees Rone ae eee 
118 SGGRO! Beene ees 28 Ae cxayrree rene lien eee 

|Avg. = 26.4) 6.4 9.3 

Line A|— 1. 2.3.4 | 

18 310.0 0.590 D5 Elie tie cps des eee 
36 SLO). Oe eee rear 26). Oh wh ocsd sce Ge) Cen ee 
37 SLO20: Pie sete re 20. 3l a cece ee ae eee 
84 3100: ge eee es 25 Bis oan eae et. 42s 
101 SLO OWS Ole cere 2G Dh cniete sesrictnvo.e eae aoe ee 
103 SLO'LO 2 ha eesoarn omens 26 ...3 Siren ste oe ee ee 
104 S10: 20/ alle oar creer 251s Tike Ajanta as ee ea 
105 SLO QP hcg ree mere 20:00 2 a2 cae ote eee 
109 310.0. eee ee Ao. a A ees, 
119 SLOVO Pei ote emia 25 Lassie os cee lie a eee 
119 SLO. Ook genre eter 26:0) c0 hone eee Se ee 

Avg. = 25.8 2.0 5.3 

Total |Avg. = 25.7; D.0 8.1 


The values of g. for wires varying in diameter from 0.168 em. 
to 0.928 cm. and for spacings from 90 to 600 cm. are constant 
within the limits of experimental error. The mean maximum 
value is: 


go = 29 kv. per cm. at 25°C., and 76 em. barometric pressure 
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Considerable variation should be expected in g, values obtained 
on a long outdoor line, due to 

1. Necessarily imperfect conductors, kinks, ete., in an outdoor 
line of this length. 

2. Progressive change in the value of successive points on a 
given curve due to slight changes of wave shape, etc., as the 
voltages are increased, and the apparent shift of e,. 

The close agreement of g, for wires is for the above reasons 
remarkable. 

Discrepancies due to progressive change are not to be expected 
for standard line A to any great extent as the conductor spacing 
was always the same, and test conditions were kept as nearly 
constant as possible. 

The above data shows that g, may be considered constant for 
diameters of conductors and spacings within the practical range. 
This was further investigated over a greater range on the indoor 


line. 
go cables 


Jo Wires 
where m, is a fraction which approaches unity as the irregularity 
of the surface is reduced. 

The author has studied the irregularity factor, m., for con- 
ductors stranded in various ways and for single-phase and three- 
phase lines. For a given diameter the maximum value is 
obtained for a smooth tube. For the same diameters, a cable 
is usually good on only 0.87 per cent. or less of the voltage of a 
tube; in new cables 1 in. in diameter, m, is approximately the 
same for 19, 37, and 61 strands and varies from 0.80 to 0.85; in 
new concentric cables it is generally near 0.80 In some other 
types of cables it is lower. The lowest value obtained was 0.70. 
Seven-strand cables are not desirable in large sizes, since the 
strands become mutilated. Rope-lay cables have the lowest 
values and should be avoided. 

Types of cables with projecting irregularities should be avoided. 

Although in the above investigation with 19, 37, and 61 
strands there was no great difference in the loss, the measure- 
ments were slightly in favor of 37 strands. It seems inadvisable 
to use a stranding that would make the individual conductors 
too small compared to the cable diameter. 

The disruptive critical voltage, 

€o = dmgor log. s/r (35) 
(See curve, Fig. 153.) 


Mo 
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The loss equation may now be written 


p= a (f + 25)V/r/s(e — eo)? 10-5 kw./km. (34) 


where p expresses the loss above the visual critical voltage e,, and 
éo is given in (35) 


Radius in cms 
¥ia. 153.—g. for wires and cables. (Data from Tables LVII and LVIII.) 


0 ok 2 a a) 1.0 
oe ae cm. 
Fig. 154.—Comparison of gy, gz, and go. (ga values from Table LIX.) 


Investigations on the indoor line over a range covering small 
conductors show that the disruptive gradient may be considered 
constant, for all practical purposes, when the conductor radius is 
greater than 0.20 cm. As the size of the conductor is decreased, 
the disruptive gradient increases very rapidly. If the disruptive 
gradient for any size of conductor is called gz, we have found that 
this law may be expressed 


0.30 
ga = asi (1 + Var aa ee 5) (36) 


ea = gar mo log, = = (35a) 
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Thus, when r is large (above 0.2 cm.) practically gz = g., and 
where r = 0, ga = gy. 

Measured values of ga for different conductors on the indoor 
line are given in Table LIX. Calculated and measured values 
are plotted in Fig. 154. 

The corona loss equation over a greater range of conductor 
diameter and spacing may thus be written 


TasLe LIX 
- “ 9d Maximum | gd Maximum 
Test No. rem. | 5G eee | ete aeet 
12 B | 0.032 | 67.5 70.7 
13 B 0.032 } 70.3 70.7 
14B 0.032 | reel) 70.7 
18 B 0.032 (Al Om, 
15 B 0.032 7A) 70.7 
16 B 0.032 Al) 700 
19 B 0.032 69.6 | Cha). 
17 B 0.032 il 2 | 0), 7 
20 B 0.032 69.5 Oe 
21B 0.032 69.3. Oma 
|Avg. =70.0 
27 B 0.057 aah Se 61.3 
26 B 0.057 5123 51.3 
25 B 0.057 Ml el 51.3 
24B 0.057 ty) ba} 61.3 
‘ Avg. =51.5 
30 B 0.071 45.4 45.4 
33 B 0.0914 39.4 39.4 
37) 18} 0.0914 39.4 39.4 
42B 0.105 42.2 37.6 
41B 0.105 42.2 37.6 
37 B 0.105 42.5 37.6 
Avg. =42.3 
45 B 0.164 36.5 33.0 
44B 0.164 SonG i 33.0 
Avg. =35.1 
49 B 0.256 30.8 31 ol 
48 B 0.256 32.1 31.1 
47B 0.256 B38) 31.1 
Avg. =32.0 
56 B 0.464 31.8 30.2 
55 B 0.464 31.8 30.2 
54 B 0.464 | ol .5 30.2 
Avg. =31.7 
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r+2 + 0.04 
p = 241(f + 25),4| ————— 


(e — eg)210-> kw./km. (84a) 
s 
where ¢, is obtained from equation (35a). 

It may be interesting to note that equation (34) may be 
written in terms of the gradient, thus 


p = Av/r/s (f + 25) (log ®) (7°) (G — go)? X 10° 


Figure 155 shows measured curves plotted between g and p for 
a given wire at three different spacings. These curves all inter- 
sect the axis at go max. = 30, at 6 = 1.0. 


——sees 9 
xxx 944 
ooo 95 
Diam,= -163 cm 


0 10 20 30 40 50 60 70 80 20 100110120130 140 150 160 170180 


Apparent Surface Gradieut 
Fie. 155.—Relation between power loss and apparent surface gradient. 


Losses Near the Disruptive Critical Voltage—e,.—If the con- 
ductors could be made perfectly smooth, no appreciable loss 
would occur below the visual critical voltage. Near the starting 
point of corona two effects occur, however, which cause a devia- 
tion of the loss from the quadratic law, equation (34), and which 
affect the loss in opposite directions: 

(a) With perfect conductors, loss of power does not begin at 
the voltage e,, at which the disruptive gradient is reached at the 
. conductor surface, but only after the disruptive strength of air 
has been exceeded over a finite and appreciable distance a from 
the conductor, that is, at a higher voltage e,. Since the con- 
vergency of the lines of dielectric force is great at the surface of 
small conductors, with such conductors, a considerable increase 
of the voltage is required to extend the disruptive gradient to 
some distance from the conductor, and e, is considerably higher 
than eo. With such conductors there would be no loss until e, 
were reached. The loss would then suddenly take nearly the 
definite value calculated for this applied voltage from equation 
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(34). Even with polished conductors, in practice the decrease 
of loss below that given by 
equation 34 is appreciable 
with small conductors within 
the range between e, and e,, as 
seen in Fig. 136. With large 
conductors, however, the less 
convergency of the lines of 
dielectric force at the con- 
ductor surface requires a less 
voltage increase beyond e, to 
extend the disruptive gradient sure 
to some distance from the con- tGaadai 
ductor; e, and e, are, therefore, P 
closer together, and this de- 
crease of the loss below the 
theoretical value given by 


Kilowatts =P 


: 5 50 60 80 100 120 
equation (34) is not ap- a r . Between Lines 
preciable. Kilovolts Effective 19? Neutral 


(b) As the conductor sur- Fie. 156.—Corona loss for small con- 
ductors near the critical voltage. 
face can never be perfect, No. 8 copper. Diameter, 0.328 cm. 
some loss of power occurs at Length, 29,050 cm. Spacing, 122 em. 
and below the disruptive criti- Tem? 15 Bar. 76-6. Line B. 
cal voltage at isolated points of the conductor, where irregularities 
: of the surface, scratch- 
es, spots of mud or 
dirt, etc., give a higher 
potential gradient 
than that correspond- 
ing to the curvature 
of the conductor sur- 
P 3 face. With small 
(2-20)"|_ conductors, this loss 


Excess Loss PF re ; 
be 2 (¢-e0)*|_ is rarely appreciable, 


since the curvature of 
160 129 120 130 140 150 160 170 180 190 2u0 


=P 


Kilowatts 


the conductor surface 
50 60 7 80 90° “too ~«is of the same magni- 


1 . 
Kiloyolts Edective BoxNeutrs tude as that of its 
Fie. 157.—Corona loss for large conductors near irregularities. It be- 


the critical voltage. (Data same as Fig. 140.) : 
comes appreciable, 


however, for larger conductors, as seen in Fig. 157. This excess 
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of the loss beyond that given by the quadratic law equation 
essentially depends on the conductor surface, and is the larger 
the rougher or dirtier the surface. It is a maximum at the dis- 
ruptive critical voltage e,, and decreases above and below ¢., 
and is with fair accuracy represented by the probability curve 

Pe eee (37) 
where q is a coefficient depending on the number of spots, and h 
is a coefficient depending upon the size of spots. 

Snow, sleet, and rain losses seem to be of the same nature, but 
frequently of far greater magnitude. 

In equation (37), g and h naturally cover a wide range of values, 
depending upon the condition of the conductor surface. Since 
the losses near the corona starting point, which this equation 
involves, are extremely small and subject to change due to the 
slightest surface variations, it is difficult to conceive of a practical 
equation that would serve under all conditions. Experimental 
values near e, are taken from Table XLIII and tabulated in 
Table LX, together with values calculated by the quadratic law. 
Corresponding experimental and calculated values are subtracted 
and also tabulated. 


TaBLeE LX.—Line A 1-2-3-4 rrom TaBie XLIII, Test 36 
ce? = 0.0117 e, = 72.2 


Kilovolts between | Kw. exp. | Kw. p = | Excess loss | ar wh Gas 
conductors e’ Po | 0.0117(e — eo)? |p; = (Do — P)| bs 
| 
120.4 0.11 Qrad 2.40 | 146.5 
130.2 0.15 Boe 0.15 PAE AI 49.0 
139.2 022. F lauRacerr ee 0.22 3.09 6.2 
150.0 0.40 0.10 0.30 3.40 $35 
159.0 0.79 0.63 0.16 2 Ge 54.7 
165.8 1,42 1.34 0.08 2.10 te 


Figure 157 is plotted to a large scale to show the excess loss 
near é€. As this is for large conductors, e, and e, are near 
together, and the effect of (b) predominates. In order to see if 
equation (37) holds, write 

log. pi: = log g — h(e. — e)? 
Then the curve between log p; and (e. — e)? should be a straight 
line. This is shown in Fig. 158. 


Values of g and A for Line A are of the order shown in Table 
LXI below. 
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Taste LXI 
(oS A es ee DO ee ee oe es 
Test No. q per cm. total conductor h 
a I ce el 
30 3.19 xX 1076 0.0220 
105 2.47 X 1078 0.0208 
103 Bite Ome 0.0304 


—_—_——— 


Figure 156 is plotted from values for a small smooth conductor. 
Here e, and e, are far apart and, as the curvature of the conductor 
surface is of the same magnitude as its irregularities, they do not 
greatly influence the loss. 4 = 
The (a) effect here predomi- 
nates—that is, the loss near e, 
is lower than that shown by 
the quadratic law.! 

The loss between e, and e, 
is unstable as it depends upon 
surface conditions. In all eae Lae ey ree 
cases the quadratic law is PR Ceomre )e 
closely followed above ev, and Fia. 158.—Determination of equation 
on large practical sizes of con- Se 
ductors with sufficient accuracy over the whole range. 

In long lines where the irregularity factor varies at different 
points or where ¢, varies due to other causes, the total loss would 
be the sum of losses on the different sections, thus 


P = K i(e — 01)? + lo(e — 2)? + Ise — eos)? 


where 1, J2, ete., are the lengths of the sections and éo1, @o2, etc., are 
the corresponding disruptive voltages (é.). 

It is obvtous that loss in any section would not start until the 
applied voltage became equal to the e, voltage for that section. 

Temperature and Barometric Pressure.— Values of the dis- 
ruptive critical voltage e, covering a considerable temperature 
range are tabulated in Table LXII. Correction is made to a 
barometric pressure of 76 cm. on the assumption that e’, varies 
directly with the pressure. In Fig. 159, 1/e’. is plotted with 
temperature. The straight line through these points cuts the 
temperature axis at —273°C. or absolute zero. Temperature 


oo 


Loge( p’x 107) 
nw 
| 


ry 


1 This condition is likely to obtain to a greater extent at high altitudes 
as €& and e, are farther apart. 
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Tap LE LXII.—TEMPERATURE AND DisRUPTIVE CRITICAL VOLTAGE €o 
(Standard Line A 1—2-3-4) 


mperature . 
ren e’o kv. eo Corr. 
Bar. cm. 


a 1/e’ Weather 
No. bet. lines | to 76 cm. /€'0 


18 16.0 18.5 75. 138. 140. 


5 5 0 .00715 | Bright sun 
TS yi 200) le 22200)" 7522 14050 142.0 

7 0 0 

0 2 5 


0 

0.00705 | Cloudy sun 
37 10.0 13.0 75. 141. 142. 0 
36 10.0 12.0 (Aaj, 144. 146. 0 


.00705 | Bright sun 
.00683 | Cloudy 


109 | —3.0| --2.0| 73.9 148.8 150.8 | 0.00663 | Hazy sun 

84 1.0 AO! |) 12 149.0 151.0 | 0.00662 | Cloudy 

101 | —1.0] —1.0| 74.7 153.8 156.8 | 0.00638 | Cloudy 

103 | —4.9 | —4.5]| 75.7 155.3 156.7 | 0.00638 | Sun 

104 | —9.5 | —9.5 | 76.2 157.0 157.0 | 0.00637 | Sun 

119 ; —6.5 |-—6.0] 76.5 156.6 156.1 | 0.00642 ; Sun 
161.0 161.0 | 0.00622 | Sun 


was always measured in the shade. The points that do not fal 
well on the curve are the summer sunny day points. Thisis what 
would be expected, as the conductors were at a higher temperature 
than the recorded air temperature. 

Figure 159 shows that the 
disruptive critical voltage or 
the disruptive gradient varies 
inversely as the air density. 
The data range, however, is 
not great. 

The density of air at 25°C. 
and 76 cm. barometric pressure 
is taken as the standard. 

°,240 200 160 120 80 40_0, 40 60° SCE pre Mat 
-273C Boerne + Humidity—Line A was kept 
Fia. 159.—Effect of tempertaure on ¢. as a standard throughout the 
spate from Cane tests. A careful study of the 
disruptive critical voltage and c? shows no appreciable effect of 
either humidity or ‘vapor products:’’! (see Table LXIII). Visual 
tests, made on two short parallel wires indoors over a great 
humidity range, also bear this out. 

It is quite probable that humidity has some slight effect on 
the loss after corona has once formed due to the a of the 

‘Mersaon, Trans. A.J.E.E., p. 845, 1908. 
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Taste LXIII.—Stanparp Linge A.2 Conpucrors 1-2-3—4 


-_e OT kre 


Temperature : o Teduced to 

Test No. |———_-_—_- eerie rae cE deg. C., 76 
Wet Dry cm. bar, 
15 20.0 22.0 0.84 0.55 18.8 
18 16.0 18.5 0.75 0.35 18.5 
36 10.0 12.0 0.78 0.25 18.8 
37 10.0 13.0 0.67 0.21 18.3 
84 1.0 3.0 0.69 (0), ALL Se 
101 — 1.0) —1.0 1.00 ORT 19.2 
103 —4.9 —4.9 1.00 0.138 18.9 
104 —9 25 —9°5 1.00 0.08 18.6 
105 —LSse0 —13.0 7 ALO” 0.06 18.8 
109 | —2.0 —2.0 1.00 0.12 18.7 


2 Line A was kept at constant test conditions for use as a standard in 
the study of varying atmospheric conditions, etc. 


gas into vapor and the agglomeration of the water particles by 
the ions. This is noticed in the spark-over between needle points 
at very high voltage. In this case there its a very heavy brush 
discharge before spark-over. The sparking voltage increases 
with increasing humidity, due to the fog formed, when there is 
not a mixture of two gases, air and water vapor, as in the case 
where humidity is concerned, but actual water particles are in the 
air. The effect of huntidity on the spark discharge observed by 
the author is discussed in Chap. V. Greater loss should be 
expected in corona measurements during fog, due to charge and 
discharge of the water particles. This causes loss at lower 
voltages and has the effect of decreasing the critical point. 

While humidity has no effect on the starting point of corona, 
an effect might be expected on the loss after the discharge had 
already started. The reason that this is inappreciable is because 
the corona discharge from wires covers very little space. 

Smoke.—It was difficult to get measurements to show the 
effect of smoke, as the prevailing winds were over the fields 
toward the city. At one time, however, during a change in the 
wind, thick smoke was blown over the line from smoke stacks of a 
factory, and the loss was increased. This, however, will probably 
not be a serious consideration in practice. 

Wind.—Losses measured during very heavy winds show no 
yariation from losses measured during calm weather. That the 
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losses do increase with increasing air velocity has been shown in 
laboratory apparatus. There is, however, no appreciable effect 
due to the comparatively low air velocity in practice. 

Moisture, Frost, Fog, 
Sleet, Rain, and Snow.— 
During some of the first 
tests, it was noted that 
the losses were some- 
times greater on the 
“‘going-up curve” than 
on the “coming-down 


50 60) 6-70 680) 69S :100 110 120 To Neutral garly mornings after 
Kilo-Volts Effective 


Fig. 160.—Corona loss with frosty and dry heavy dew. The losses 
conductors. became less after the line 


(Conductor length, 109,500 cm. Spacing, 310 
em. Diameter, 1.18 cm. 3/0, 7-strand cable. had been operated for a 
Line A. Temp., —2°C. Bar., 74 cm.) while at high voltage. 


Figure 160 shows this 


19 19 
18 18 
17 17 
16 16 
15 15 
14 14 
13 13 
12 12 
ati 211 
310 ‘210 
£9 =9 
E 8 F 8 
27 7 
6 6 
5 5 
4 4 
3 3 
2 =I 2 
1 1 ‘ 
0 0 s 
SSASRRPRSERSRARI KSSSSRRVRSSRSRS 
Kilo-Volts Effective Kile-Volts Effective 
Fira. 161.—Corona loss during fog; Fig. 162.—Corona loss during snow 
conductors wet. storm. 
(Conductor length, 109,500 cm. (Conductor length, 109,500 ecm 


Diameter, 1.18 cm. Spacing, 310cm. Diameter, 1.18 cm. Spacing, 310 cm. 
3/0, 7-strand cable. Line A. Temp., 3/0, 7-strand cable. Line A. Temp., 
2. Bar:, 765.5.) On Bar. wae) 


well for a conductor with a coating of frost. This excess loss was 
thought, at first, to be due to leakage through moisture on the 
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insulators. Insulators were put up without line wires, but 
measurements showed a very small insulation loss even during 
storms. It was then concluded to be due to moisture on the con- 
ductors themselves. Visual tests made on short lengths of wet 


~ 


Kilo Watts 


po wo 


Kilo Volts Effective 
Fie. 163.—Corona loss during sleet storm. 


(Conductor length, 109,500 cm. Diameter, 1.18 cm. Spacing, 310 cm. 3/0, 7- 
strand cable. Line A. Temp., —1.0. Bar., 75.4.) 


and dry cables showed this in a very striking manner. Two 
parallel dry cables were brought up to the critical point. Water 
was then thrown on the cables. What had been a glow on the 
surface of the dry cables now became, at the wet spots, a dis- 
charge extending as muchas5 | ; 
to 8m. from the cable surface. jj a 
This discharge reminded one 
of an illuminated atomizer. 
Illustrations (Figs. 67 and 68) 
show this but a greater part of 
the effect is lost in reproduction. 
The wires became quite dry and 
down to normal discharge after 
running at high voltage for a 
very few minutes. 

The curves (Fig. HOD ae Fria. 164.—Corona loss with sleet on 
during the fog also show the Siro Hikes: 
combined effect of condensed (Conductor length, 109,500 em. 
moisture on the cables and free PT enka Gable Be erent 
water particlesin the air. The 10.0. Bar., 76.) 
moisture particles on the con- 
ductor become charges and are repelled. The particles in the 
air also become charged and discharged, thus increasing the loss 
very greatly above that for dry conductors. 


Kilo Watts 


Kilo-Yolts Effective 
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The losses during snow and rain storms are much greater than 
fair weather losses at the same temperature and barometric 
pressure. In Fig. 162, the actual measured loss is plotted and 
also a corresponding calculated fair-weather loss. The difference 
between the two curves shows the excess loss due to snow. The 
effect of snow is greater than that of any other storm condition. 
This is because the particles are larger and a greater number 
strike the line, or come near the line. 

The sleet curves are of special interest. Sleet had already 
started to form on the conductors, and was still falling when the 
tests were started. Figure 163 shows the loss curves. After 
the curves were taken, the line was kept at 200,000 volts for 
over an hour with no apparent diminution of sleet. This seems 
to show that sleet will form on high-voltage transmission lines. 

The day after these tests were made was bright and clear and 
the conductors were still coated with sleet. A set of readings 
was taken, and it is interesting to note that the excess loss here is 
as great as when sleet was falling (see Fig. 164). 

The excess loss for sleet, rain, or snow storms (over the fair- 
weather loss) seems, with increasing voltage, to approach a maxi- 
mum and then to decrease again (the latter at a value very far 
above the disruptive critical voltage), and the curves of loss seem 
to have the general shape of the probability curve, as is to be 
expected, theoretically. 

The above readings show the importance of taking weather 
conditions into account in the design of high-voltage transmission 
lines. 

Corona Loss Measurements with the Cathode Ray Oscillo- 
graph.—An extensive corona loss investigation was carried out 
using the low-voltage, hot-filament, cathode-ray oscillograph! 
(see page 39, Chap. III; and page 99, Chap. IV). 

The general arrangement for corona measurements is shown in 
Fig. 165. The measurements were usually made between a 
single wire and a plane. Precautions were taken to eliminate 
the end effect by making the measurements on about 10 ft. of 
wire in the central part of the plane. Precautions were also 
taken to guard against stray fields and to prevent phase angle 
displacement errors. 


‘Prrx, F. W., Jr., “Law of Corona and the Dielectric Strength of Air 
IV,” Trans. A.I.E.E., p. 1009. 

Luoyp and Starr, ‘Corona Loss Measurements by Means of the 
Cathode Ray Oscillograph,” Trans. A.I.E.E., p. 997, 1927. 
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With the above arrangement, the field across one pair of plates 
is proportional to the voltage while that across the other pair is 
proportional to the current. When voltage is applied across a 
capacity load, such as a conductor and ground plane, below 
corona, an ellipse is described, as shown in Fig. 166(a), the 
abscissas being proportional to the instantaneous voltages and 
the ordinates to the instantaneous current. These figures are 


Conductor 


1. Conducting Plates 


y_ Loading Capacitance 


ae 
9 Step-up 
Transformer 


Fig. 165.—Arrangement of vertical ground plate and conductor for study of 
corona by means of cathode-ray oscillograph. 


; Potential 
Trans former 


Seer 


recorded photographically (see page 100, Chap. IV). The 
voltage deflections to the left are positive, while those to the 
right are negative. Positive currents cause deflections above 
the horizontal axis and negative currents below the axis. If 
the voltage wave is known, the voltage and current waves can 
be plotted, as shown in Fig. 85, page 100. As soon as the 
voltage of the conductor is raised above the corona starting 
value, the corona current component adds to the wattless capacity 
current and the ellipse becomes distorted, as shown in Fig. 
166(b). The cyclogram then represents a power loss. This loss 
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is easily obtained by measurements of the instantaneous voltage 
and current and by simple calculations as follows:! 

Fach figure is divided into an integral number of equal time 
sections and the product of the mean ordinate by the mean 
abscissa is obtained for each section. The average of all such 
products is then multiplied by the circuit calibration constants, 
volts, and amperes per unit deflection of the cathode beam. 


Fic. 166.—Corona current cyclograms. 
(a)—Below corona starting voltage. 
(b)—Just above corona starting voltage. 
(c)—Considerably above coma starting voltage. 


The result is expressed in watts. This is equivalent to transcrib- 
ing the figures to rectangular coordinates and then integrating 
the power wave in the usual manner. Power of the order of 0.1 
watts can be measured with an accuracy of about 1.0 per cent. 

Figures 167, 168, 169, and 170 show some of the corona loss 
curves obtained in this investigation. These data checked the 
sarlier work! in that the losses above the e, values follow the 
quadratic law. 

1PreEk, F. W., Jr., “Law of Corona and Dielectric Strength of Air I,” 
Trans. A.I.H.E., 1911. 


Luoyp and Starr, “Corona Loss Measurements by Means of the 
Cathode Ray Oscillograph,”’ Trans, A.J.E.E., p. 997, 1927. 
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A short test was also made on an artificial corona set-up. In 
this, series condensers were each paralleled by a spark gap set to 
breakdown at the proper voltage, so as to simulate, roughly, the 
action of corona in its successive breakdown of the layers of air 
about a conductor. Some of the corona cyclograms secured in 
this test are shown in Fig. 171. It is apparent that they are very 
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Fie. 167.—Corona loss measured by cathode-ray oscillograph. 
Conductor: 0.928 cm. diameter. 
Surface conditions: (1) smooth 
(2) mutilated. 
Spacing: 161 cm. to neutral. 
Length: 305 cm. 
Frequency: 60 cycles. 


similar to those obtained on actual conductors, except that there 
is not the shift in the figure due to the variable capacity effect 
present in real corona. 

Corona loss can be studied from a somewhat different angle 
by replacing the resistance R, (Fig. 165) by a capacitance or by 
a parallel combination of capacitance and high resistance. The 
ordinates of the cyclograms obtained are then proportional to 
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the instantaneous charges induced on the ground plate by 
the voltage on the conductor. Figure 172 shows a cyclogram 
obtained in this manner. The area of the cyclogram represents 
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Fig. 168.—Corona loss measured by cathode-ray oscillograph. 
Conductor: A. C. 8S. R. Cable 
Aluminum—30 strands, 
336,400 c.m. 
Steel—7 strands 
Diameter—0.741 inch. 
Length: 10 ft. 
Spacing to neutral: 63.5 inches. 
Surface conditions: (1) smooth 
(2) rough 
(3) badly mutilated. 
Frequency: 60 cycles. 


the power loss per cycle for the particular conductor and condi- 
tions. This method of measurement has been used extensively 
by Dr. Ryan in his study of corona loss.! 


DIRWAN, Edignaree. Atay Hee Olas 
Ryan and Henuine, Trans. A.J.E.E., 1924. 
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Consideration of Space Charge Movement in Corona Power 
Loss.—The mechanism of corona has been described (See Chap. 
IV, page 100) wherein the charge of the ionized space of the first 
half-cycle, in effect, adds to the charge on the conductor of the 


(Power Loss in Watts)e (Vp) 


0 een 0 
0 10 20 30 40 50 60 10 80 90 100 110 
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Fic. 169.—Corona loss measured by cathode-ray oscillograph. 


Conductor: 0.015 in. diam. smooth. 
Spacing: 7.5 in. to neutral. 
Length: 10.0 ft. 

Frequency: 60 cycles. 


next half-cycle so that breakdown occurs when the sum of these 
two charges is equal to q,, or causes a stress, J». 

The space charge cylinder moves out from the conductor with 
increasing voltage, and is charged through the corona arcs until 
the wave reaches maximum. The ares then die out or corona 
stops. Part of the energy in the “space charge”’ field is stored 
electrostatically and is returned to the circuit, and part is not 
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returned but is dissipated in heat, light and conduction. When 
the conductors are far apart, the main part of the loss occurs in 
the space between the conductor and corona cylinder. Where the 
conductors are close together, or the voltage is approaching the 
spark-over voltage, a conduction loss is also caused by ions 
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Fie. 170.—Corona loss measured by cathode-ray oscillograph. 


Conductor: 0.365 in. diameter. 
Surface conditions: ° smooth 
+ rough 
Spacing to neutral: 21.5 
Length: 10 ft. 
Frequency: 60 cycles. 


migrating to the opposite conductor. The measurements show 
that over a very wide range of conditions the loss follows the 
quadratic law 

p = kile — eo)? 
An examination of the mechanism makes this appear the rational 
form for the loss to take. This seems so for the following 
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reasons: The space charge is proportional to (e — éo)C. Energy 
is required to move this charge through the field or through the 
voltage from the conductor to the corona cylinder. The voltage 
between the conductor and the space charge or corona cylinder 
is proportional to (e — eo) and, in fact, appears to equal (e — 9) 
for the higher frequencies and very large spacings. The energy 
may be considered as being lost in the resistance of the corona 
ares charging and discharging the corona cylinder. The loss is 
thus 
w = (e€ — eo)(e — eg)kC = (e — e)2kC 


Fig. 171.—Artificial corona cyclograms. 


(a)—Just above corona starting voltage. 
(6)—Considerably above corona starting voltage. , " 
(c)—Over twice corona starting voltage-corona starting ‘below zero. 


or the power 
p = 4fCk(e — eo)? 

The above relation checks the measured values for large 
spacings at 60 cycles and for all spacings at 420 cycles. When 
the frequency is low or when the spacing is small, ions must pass 
from conductor to conductor. This is equivalent to a leakage 
loss or loss in a resistance intermittently placed from conductor to 
conductor. Then 


p = ko(f + a)Cle — e)? 


wherein the factors a and k are an integral part of the equation 
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and_were originally determined empirically in the quadratic law. 
The part of the energy in the space charge that is returned to the 
circuit at the proper part of the wave is not lost but gives the 
extra capacity effect of corona. 

There is no loss at e9 because breakdown does not take place 
until the voltage e, is reached. There is then a sudden break 
over a finite distance from the conductor and the loss falls on the 
quadratic curve with eo as the disruptive critical voltage. The 
stress between the conductor and the corona cylinder is not 
reduced to zero when corona starts but has a value approximately 
equal to go or ga at the conductor and decreases outward to the 


Fria. 172.—Corona loss cyclogram indicating coulomb-voltage relation per cycle 


corona cylinder along approximately the same curve that 
obtained just before corona started. Beyond the corona 
cylinder, the average stress must be higher or the curve flatter 
to maintain the voltage proportional to eo across the portion that 
is not ionized. 

It might be expected at first glance that the disruptive critical 
voltage should be e, rather than eo, since loss does not start on 
polished conductors until e, is reached. A more critical examina- 
tion, however, shows that following the initial break controlled 
by g., the strength of air becomes go. Thus, although g, con- 
trols the start of the loss, after the initial break occurs and corona 
extends out, the controlling gradient is go. This follows up to 
the maximum of the voltage wave when corona stops. gy 
is required to cause the next start, ete. 
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It is interesting that when the applied voltage is zero, all of 

the energy is on the space charge and is 
2 CC» 
(e ge Co)? 2C, 

Very High Frequency.—Corona losses at very high frequency 
are difficult to measure. The curve in Fig. 173 is interesting. 
The drawn curve is calculated from formula 34(a); the points 
are measured values. Power was supplied from an Alexanderson 
100,000-cycle alternator. The power was measured by adjusting 
reactance and capacity until unity power factor was obtained 
The watts input was then the product 
of volts and amperes as measured by 
hot wire meters. 

This good check seems to show that 4% 
the formula applies over a large range, 
but complete conclusions cannot be 
drawn from this small amount of data. 

Recent corona loss measurements at 
420 cycles, made with the cathode-ray 100 - 
oscillograph, are shown plotted in Fig, 


Curve Calculated — 
Points Measured x 


he 


Z 
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174. The ordinates used are the square 
root of the power and the straight line 
relation again indicates how well the 
quadratic law applies. 

Three-phase Coroha.—For equal 
voltage between lines, the voltage 
gradient at the conductor is 15.5 per 


Kilo-Volts Effective, Between Lines 


Fie. 173.—Corona loss at 
high frequency. 

(Two parallel wires. Spac- 
ing, 67 cm. Radius of wire, 
0.127 cm. f = 100,000 ~. 
Total length, 200cm.) Tests 
by Alexanderson. 


cent. greater for equilateral three-phase lines than for single-phase 
lines with the same conductor and spacing. This means that 
corona starts at 15.5 per cent. lower line to line voltage three 
phase than single phase or that corona starts at the same line to 
neutral voltage, for both three-phase and single-phase lines. The 
loss per conductor at a given voltage to neutral is equal on practical 
single-phase and three-phase lines. This is confirmed by actual 
measurements made by the author (see page 374). 

Harmonics and Line-charging @urrent as Affected by Corona 
in Practice.—An investigation was made to study the effects of 
corona in producing voltage and current harmonics in trans- 
mission systems. 

When an alternating voltage higher than the critical corona 
voltage is applied to a conductor, the loss starts at a given point 
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during each half cycle as the voltage increases, continues over 
part of the half cycle, and finally ends at a given point. <A vary- 
ing amount of corona current and loss thus occurs during each 
voltage wave (see Fig. 85, page 100). It follows that if a 
sine-wave voltage high enough to cause corona loss is applied to 
conductors, the current cannot follow a sine wave but must be 
distorted or contain harmonics. The phenomenon is, in fact, 


30 


25 


20 


(Power Loss in Watts) 2 


Kilovolts to Neutral (Effective) 


Fia. 174.—Corona loss at 420 cycles measured by cathode-ray oscillograph. 
(Expressed as P+2 to show quadratic law relation.) 
Conductor: 0.365 in. em. diam., polished. 
Length: 10 ft. 


very similar to that in the exciting current wave of a transformer 
where distortion occurs chiefly due to changing permeability 
during each half cycle. 

When corona loss occurs on three-phase lines with grounded 
neutral, three . single-phase ypths are afforded for the triple- 
frequency component of the current through the lines, the 
capacity to ground, the ground and the neutral ground connec- 
tion, as shown in Fig. 175. If a transformer with a grounded 
- neutral is used at the receiving end, part of the current may also 

be supplied through the transformer. The triple-frequency 
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currents cannot flow in the lines if the neutral is not grounded. 
This follows because the triple frequency components are 3 X 120 
degrees = 360 degrees apart or in phase. Fundamentally, the 
sum of the currents flowing to the neutral point must be zero. 
Since the currents are in phase, the triple component can satisfy 
this condition only when it is zero; it can flow over the lines only 
when single-phase paths are afforded through the grounded 
neutral. Since, with a sine-wave voltage, the corona current 
inherently contains a third harmonic (see Fig. 85), the voltage 
between line and neutral must be distorted if this component is 
suppressed. Higher odd harmonies are also caused by corona. 
With symmetrically arranged conductors, however, only the third 
and odd multiples of the third can appear on the lines. 

Tests were made on short three-phase lines of very fine wire 
so that the corona loss would be excessive and exaggerate con- 


Transformers 


Line Capacity... 
yu 


Fig. 175.—Three single phase paths for corona triple frequency current. 


ditions.1. The transformers were of such size that the corona 
loss was an appreciable load. A sine-wave voltage was used. 
There was a large triple-frequency current in the neutral. 

Figure 176 gives a set of curves showing the corona charac- 
teristics of a three-phase line with delta Y-connected, grounded 
neutral transformers at the generating end and open-circuited 
at the receiving end. All of the measurements, with the excep- 
tion of the line and neutral currents, were made on the low side 
but are corrected for losses and referred to the high side. The 
high side or capacity current starts at zero and increases in a 
straight line until the corona point is reached. The current 
then increases much more rapidly than the voltage. This 
increase in current is caused by a loss component and an added 
reactive component. The two components are plotted. It 
would seem that the apparent capacity of the line increases 
very rapidly with increasing voltage above the corona point. 
To account for the reactive component from a purely 60-cycle 

1PprxK, ‘‘Voltage Harmonics Caused by Corona,” Trans. A.I.E.E., 
June, 1921. 
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capacity point of view it is necessary to assume that the apparent 
conductor diameter has increased from 0.102 cm. to 8.0 em. or 
about 80 times at 150 kv. However, a good part of this abnormal 
rise of capacity current in these tests can be attributed to the 


18.0 0.180 


16.0 0.160  Milli-ammeter 
Three-Phase Lines-280Ft. (85 m.) long 
Diameter of Wires-0.04 in. (0./0/6 crm) 
Tests af 60~ Transtormer Bark No./ 


KV-A and KW. (Corona Loss) 


Power Factor 


Component of 

0 g remained Constont | 

0 20. 06400 60s 80—i‘d1QK—=—=iI2Os«1s«1O 
KV 


Fie. 176.—Characteristics of a three-phase line with Y grounded neutral trans- 
formers, as affected by corona. 


higher frequency voltage and current harmonics introduced by 
corona. The neutral current starts at the beginning of corona 
loss and soon reaches a value which is comparable to the line 
current. In any practical transmission line operating under 
economical conditions the corona harmonies would not be 
appreciable. 


CHAPTER VII 


CORONA AND SPARK-OVER IN OIL AND LIQUID 
INSULATIONS 


The most common liquid insulation is transformer oil obtained 
by fractional distillation of petroleum. This oil has various 
characteristics, in regard to flashing point, freezing point, vis- 
cosity, etc., depending upon the specific use to which it is to be 
put. The average characteristics of transformer oil are as 
follows: ; 


Medium Light 
(Transil—6) (Transil—10c) 
Flashing temperature... . 180°-190° C. lest (C. 
Burning temperature..... 205°-215° C. 148° C. 
Preezing point:....-... —10°-—15° —40° C, 
Specific gravity....... ..| (at 13.5° C.) 0.865-0.870 (at 15° C.) 0.87 


Viscosity (Saybolt test)..} (at 40° C.) 100-110 sec. | (at 37.8° C.) 57 sec. 
Acid, alkali, sulphur, mois- 
DUNC Pre actin secur Nass 5 None None 


Various other oils are insulators, as gasoline and cylinder oil; 
animal oils, as fish oil; vegetable oils, as linseed oil, nut oil, china 
wood oil, etc. All of these, when pure, have the same order of 
dielectric strength. : 

The so-called compounds made by dissolving solid gums in oil 
to increase viscosity are generally unreliable, unless used dry as 
varnish. Under the dielectric field the dielectrics of different 
permittivities tend to separate, and there is considerable loss. 
As in air there is very little loss in pure oil until local rupture, that 
is, brush discharge or corona, occurs. 

The dielectric strengths of oils are usually compared by noting 
the spark-over voltage between two parallel brass discs 1.0 in. 
in diameter, and 0.1-in. separation. The spark-over voltage for 
good oils in the above standard gap should be between 50 and 70 
kv. maximum, and hence, if the voltage wave is a sine, from 30 to 

215 
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50 ky. effective.' No insulating oil should be used whose 
strength is below 22 kv. 

Different Electrodes.—In Tig. 177 are plotted spark-over 
curves for different electrodes in good transformer oil. The 
characteristics are very much the same as for air, excepting the 
apparent strength is very much higher. 


1) cm. Discs 
1 Cni. Dial. on Edges 


Kilo-Volts ( Max.) 


Lap. 2 ae St 40 bs VGN a Ss S916 


Spacing cm. 


Fig. 177.—Spark-over of various shaped electrodes in oil at 60 ~. 


Spark-over values for oil up to very high voltage and for 
various conditions will be found in the Appendix on pages 378, 
393, 394, and 395. (See also curve on page 226.) 

Variation in Spark-over Voltage.—If a number of successive 
spark-over tests are made in a large tank of oil, it will be found 
that there is considerable variation between the tests. This is 
illustrated in Fig. 178 for a large and a small gap. Note that the 
percentage difference is greater for the small gap. For the large 
gap, the difference may be 10 per cent. plus or minus from the 
average. 


‘ The breakdown voltage of oil like that of air depends upon the maximum 
point of the wave. 
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About the same variation is found if the tests are made in a 
small receptacle and the oil is changed after cach spark-over. 

This variation is not appreciable in practice where barriers are 
used. 

Oil Under Pressure.—When oil is placed under high pressure, 
the dielectric strength increases to some extent. This may be 
due to the increased strength of the occluded gases under pressure 
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LA 
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Fic. 178.—Curves showing variation of dielectric strength of oil during one 
hundred successive tests. 


Effect of Moisture.—The slightest trace of moisture in oil 
greatly reduces its dielectric strength. The effect of moisture 
is shown in Fig. 179(a) for a disc gap. Water is held in suspen- 
sion in oil in minute drops. When voltage is applied, these 
drops are attracted by the dielectric field. Thus they are 
attracted to the denser portions of the field and may form larger 
drops by collision. When attracted to and after touching 
a metal part, and, thus, having the same potential, they are 
immediately repelled. If the field is uniform, the drops form in 
conducting chains along the lines of force. It can be seen that 
the effect of moisture should vary greatly with the shape of the 
electrode, and with some shapes the moisture may even be 
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removed from the space between the electrodes by the action of 
the field, in which case its presence would not be detected by low- 
voltage breakdowns. In fact, for needle points and most elec- 
trodes at large spacing, the breakdown voltage for wet and dry oil 
is practically the same. Some investigators have claimed to 
have found an actual rise in the dielectric strength when moisture 
is added to dry oil under certain conditions.! Whether the 
water particles arrange themselves to redistribute the electro- 
static stresses more uniformly in the oil, and thus increase the 
strength, is difficult to say. In transformers, moisture will gen- 
erally be attracted to points under greatest stress. The most 
effective way of removing moisture is by filtration through blot- 
ting paper. Dirt in oil may have an effect very similar to 
moisture and the small conducting particles be made to bridge 
between electrodes by the dielectric field. Solid barriers are 


Eff Kilo-Volts Between Discs 
0,5 cm,.Spacing 


i 0 
By Om eel eSiras TOG Sao ae0 0 10 20 30 40 50 60 70 380 90 100 
Water-Parts in 10000 by Volume Oil Temperature O° 


Fie. 179.—(a) Effect of waterin oil. (Breakdown approximately proportional 
to gap spacing for short spacings.) (6b) Effect of temperature on dielectric 
strength and insulation resistance. Tests at 60. ~ 


effective in preventing the complete lining up of moisture particles 
between electrodes. While they generally do not increase the 
puncture voltage for dry oil, they very greatly increase reliability 
in apparatus (see page 255 and Appendix). 
Temperature.—Temperature over the operating range has very 
little influence on the strength of oil. The strength increases at 
the freezing point. The curve is shown in Fig. 179(b). The 
insulation resistance is also shown. The increase in strength 
with temperature is often only apparent and due partly to the 
decreasing insulation resistance which allows more current to 
flow through the oil, which tends to even up the stress, but mostly 
to the drying out of moisture particles by the high temperature. 
The increase at freezing should be expected, as an actual improve- 
‘Miner, C, F., Trans. A.I.E.E., p. 248, 1927. 
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ment in dielectric properties results. For a perfectly dry oil the 
strength often decreases with increasing temperature or density, 
as in the case of air. Some tests have, however, indicated an 
increase in strength with temperature. 

The specific resistance of transil oil (10 c) is approximately : 


Temperature, Centigrade Ohms, cm. cube. 
60 mash << 1K 
80 2 SX UO 
100 an OS JI 
120 2 Se KOS 


The permittivity is approximately 2.6 times its specific gravity 
and thus decreases with increasing temperature. 

Temperature plays an important réle in the disintegration of 
oil. When the latter is heated and exposed to air or oxygen, a 
chemical reaction slowly takes place. The oil oxidizes to form 
a finely divided dark solid known as “‘sludge.’’ An acid is 
created also. This change is accelerated by heating, being more 
than proportional to the rise of temperature. The effect varies 
with different oils but in most cases sludging becomes highly 
active above 100°C. It is particularly detrimental to cooling 
in transformers, as the solid deposits impair heat transfers by 
settling on the surfaces and in the oil passages. 

Spark-over and Corona in Oil.—The theory of electrical break- 
down of oil insulation has yet to be completely understood. 
The conduction between electrodes at the time of breakdown 
must take place through a movement of ions or electrons through 
the oil. It seems quite impossible that these changes could 
originate from the electrodes due to heat or electrostatic forces. 
Accordingly, their origin must be looked for in the liquid itself. 
This, therefore, involves a breaking up into ions of particles of 
the oil or its contained gas, moisture, or other impurities. This 
process may take place essentially through collision ionization, so 
common in pure gaseous conduction, or disruption by heating, or 
both. It has been suggested that the conduction in oil is of an 
electrolytic nature. 

Some ascribe the breakdown of liquid and solid insulations 
to the non-homogeneity of the dielectrics, this tending to cause 
either concentration of electrostatic stresses or heating. This 
theory assumes, of course, that all dielectrics are non-homogene- 
ous to some extent. Others are of the opinion that impurities, 
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such as fibers, moisture, etc., are the essential factors in oil 
failure. 

The fact that the dielectric strength of oil increases with 
increased pressure, which will be alluded to later, lends strong 
evidence to the theory that the occluded gas may be the principal 
factor in the breakdown process. Also the oil puncture between 
flat plates takes place at higher voltages with the plates vertical 
than when they are horizontal, thereby tending to substantiate 
the occluded gas effect. In this gas theory it must be assumed 
that ions are included in the absorbed gases to initiate the ioniza- 
tion process, as a disruption of the oil particles themselves solely 
by the electric field would require excessive gradients. Gas 
bubbles usually rise to the surface profusely under voltage stress 
even before complete breakdown occurs, indicating a change of 
the oil particles from a liquid to a gaseous state. It is probably 
when this latter state reaches sufficient proportions to provide 
this more easily ionized medium in the path between electrodes 


TasLtE LXIV.—DI£.veEctTRIC STRENGTH OF No. 6 TRANSIL O1L—SPARK-OVER 
BETWEEN SPHERES AT 60 ~ 


Ttadius of spheres, em. | Needles 
0.159 | 0.555 ay pS. eee aa 
Spacing, ven : I 
Waste Gra- Gra- Gra- Gra- Gra- 
Ky. | dient | Kv. | dient | Kv.| dient | Kv. | dient | Kv. | dient Ky. 
max. | max. | max.| max. | max.| max. max, max. | max.| max. | max. 
kv./em kv./om |kv./em a /em kv./cem 
| 

0.129 | 44.6) 449 48.0} 394 47 A £ S64 Site. Sila eee oder aos fererPrerens fs wean eae 
0.198 |} SO) S60: Tie ecole ctosta scl yetia olorciuauter sta ces LPs, Gravan eae ae jalsiw. cyan flackuete eres 
0.264 | 59.2) 365 73.9) 333 73.5) 310 74.3) 288 74.8 2389 Cle vente 
0.822) 65:0) 360). | | seeca all's sey te cee eee [reer fe ek eo eee ae ar Aa las ee 
0.378 | 71.1] 364 SO.0]) 205." Ne we cee. weve: Gre en erate nee, evel anaes ee aay Rete 
0.5085) SLO SGSs bie almemor ae 99.0) 222° 1105.0) 220° |107.0| 214 jcnks... 
01680". -oe asc lnraveacabevel| Co-cvarstllovciet ence Ke crRC ec Ttoeeeetetcrs Leta: [eternal oat Peete: 41.6. 
0.766 | 89.9) 353 |106.0) 225 j|117.0] 187 |128.0;) 182 182.0; 180 |....... 
24010 1° 97,6). 808 jLIZ.0) SOS Vor cwleeweesc 146.0) 166 159.0) 166) lictaaee 

1.270 |104.0} 361 |116.0}) 176 |157.0| 158 /|171.0) 158 |177.0; 147 57.0 
1.780 (111.0) 384 |131.0) 171 }165.0)) 143) j203-0)) 187 21420) 130i eee 

2.540 |124.0) 416 /149.0) 174 |185.0; 130 |240.0; 122 (245.0) 110 84.0 

3.810 |/145.0} 470 /|172.0| 184 |206.0} 131 |266.0; 103 /280.0 90 108.0 

§.080' 16850) 542. [191 20) 192) j28U 0 TSSh Wie cle wien ore ainieiee eitnereriere 124.0 

Fie GLO: iyo Orarelfie. aiceee ce: 9me | aye ca coll See. eceoogeo ll im rot otra calf evwee eee erat ISR eer Sec ate eee 166.0 

p (0b Fe Ue ees ce en eee me eataG Michi cial asPecil css clomerac elena. ore 203.0 


Oil between discs 0.5 cm. apart tested 58.5 kv. max. 25 deg. C. 
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Taste LX V.—Spark-ovER BETWEEN PARALLEL Piares rn No. 6 TRANSIL 
Oi at 60 ~ 


ie 

e ky. = LO tan 
oe spacing ky./om. Ttemarks 

Gere (max.) 


52.3 0.508 102.8 
TA 0.762 93.0 


106.0 1.015 104.8 
114.0 1.270 89.6 
126.5 1.525 82.8 


Distance between small and large discs = 


34.6 0.254 136.3 
0.476 cm. 


125.2 1.270 98.2 
137.5 1.525 90.0 
158.0 1.778 85.0 


LG Herds 2.03 82.2 
187.3 2.29 81.8 
Same as above, except distance between 
small and large discs = 1.58 cm. 
196.5 2.54 Whe : 
214.5 2.79 76.6 
225.0 BE05 74.0 
242.0 3.30 1322 
113.2 1327 88.8 
155.5 2.54 61.0 
4-in. flat discs, 0.5-em. radius edge, 
212.0 5.08 41.7 
269.0 7-62 35.0 


Taste LXVI.—Corona 1n Ow, Wire AND PLATE 
(Distance of wire from plate = 16.5 cm. at 60 ~) 


Kv. eff. Radius wire, em. eyes. kv./em, max, 
50 0.025 278 393 
60 0.050 185 262 
80 0.0635 201 284 
100 0.1520 122 173 
55 0 00508 615 870 


a 
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that complete failure occurs and an are develops. Any heating 
that would enter, whether it is the principal factor or not, would 
surely assist materially in the breakdown process. 

Corona in oil is not as steady or definite as in air. It appears 
to start quite suddenly and extend much farther out from the 
electrode than corona in air. It is much more difficult to detect 


Taste LXVII.—Spark-over Vouitaces ror No. 6 Transtz Om Con- 
CENTRIC CYLINDERS 


Remarks 
3.81 | 0.032 45.3 64.0 | 420.0 | 5.61 |120.00 |Tests made in 
3.81 | 0.238 | 60.0} 84.8 | 127.7 | 2.05 16.00 | long cylinders 
Seto |) Oeal7/ 60.5 Soro LOS aL elas 12.00 with belled 
3.81 | 0.635 69.5 98.3 85rd Le 2o 6.00 ends. Oil be- 
t d 
3.81 | 0.794 | 75.0|106.1| 85.5 {1.12 | 4.80 | "een Standar 
dises 0.5 em. 
3.81 | 0.952 (oLOumlOSae Pitsea || Loy: 4.00 apart tested 5 
Syren | kcal mil “Out We LOS eo 79.4 10.95 = (max.) 25 
Bits |) Tl Pat 4620 We 10725 77.0 | 0.89 3.00 deg. C. 
Botele || aloratsy/ foal, \eLOLs3 Cotas eg 2.40 
ajored ld) Al 0%} 66.3 93.7 O26 Onde 2.05 
3.5L. |) 2.540 45.5 64.3 62.4 | 0.63 5G 
6.67 | 5.560 2002 4103 40.6 Tests made o 
: n 
6.67 | 5.080 43.7 61.8 44.8 short cylinders 
6.67 |°3.970 70.1 99 .2 48.1 where field is 
6.67 | 3.240] 84.4] 119.5] 51.0 aninewhan "die! 
6.67 | 2.230 | 105.8 | 149.7 61.2 torted. 
6.67 | 1.955 | 105.0 | 148.5 61.9 
6.67 | 1.615 | 103:5 | 146.5 64.0 
6.67 | 2.270) | Lots) 1432 67.5 
6.67 | 0.953 98.3 | 139.0 75.0 
6.67 | 0.635 94.0 | 133.0 89.2 
6.67 | 0.477 91.5 | 129.5 | 102.8 
6.67 | 0.318 Sono Lose eee 
6.67 | 0.159 Gan2 92.2 | 155.5 
6.67 | 0.079 62.2 88.0 | 251.4 
11,42 | 3.930 |] 144.0 | 208.5 48.3 
11.42 | 2.280 | 163.0 | 230.4 63.0 
11.42 | 1.910 | 158.0 | 223.2 64.5 
11.42 | 1.270 | 160.0 | 226.0 81.5 
11.42 | 0.880 | 148.0 | 209.0 93.0 
11.42 | 0.520 9070) 127538 (Ao eo’ 
Danan Nan LS iat aed ae ke a 
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the starting point and, unless the conductors are very small or 
far apart (s/r large), corona does not appear before spark-over. 
For instance, in the Table LX VII when the outer cylinder is 3.81 
em. radius and the inner 0.0127 cm. radius (R/r = 300), the 
corona and spark-over voltages are practically the same (sce 


0 A 8 1.2 1.6 2.0 2.4 28 3,2 


Radius-em, 
Fie. 180(a).—Strength of oil at 60 ~. 
(Concentric cylinders—g, at surface of inner cylinder.) 


Vr 
Fia. 180(6).—Strength of oil at 60 ~. 
(Method of reducing values given in Fig. 180@ to equation.) 


condition for spark-over and corona, Chap. III). The absence 
of corona, or rather the simultaneous appearance of corona and 
spark-over, unless the wires are very small or far apart, seems to 
mean that the mechanism of breakdown in oil is similar to that 
in air. Thus, as the voltage is increased, corona rupture occurs; 
this increases r to the condition for spark-over. 
R peat 

(r + distance broken down) 71 

and spark follows. The spark-over voltages and corona voltages 


<e€ 
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up to fairly high ratios R/r are, therefore, the same and may be 
used in determining the strength of oil. 

The strength of oil for different sizes of wire from Table LX VIT 
is plotted in Fig. 180a. The curve is similar to that for corona in 
air. Figure 1806 shows that a straight line relation holds 


approximately between mw and g,. Values are not used when 
r 


R/r > 3.5. Thus, as in the case of air! 


m= gl oe 

f= a{14 Z) 

36 ip ky./em. max 
(0 a 


Jv = 25.5(1 a8 Bes kv./em. effective sine wave 
Vr 


Jv 


600 


t 
r=} 


Gradient K.V. cm. (Max, ) 


e 
[=] 


Spacing cm, 
Fia. 181.—Showing increase of strength of oil at small spacings at 60 ~. 
(Spheres, R = 3.33 cm.) 


The ionizing distance is 1.2/7 or almost four times that of air. 
go and a vary to a considerable extent in oil. Oil should have 
low strength in bulk, but high apparent strength when subdivided 
or confined to make use of the large ionizing distance necessary 
to rupture. 

Spark-over voltages and gradients are given for spheres 
at various spacings in Table LXIV. The characteristics of the 
curves between gradient and spacing are the same as those for 
air (see Fig. 42) as shown in Fig. 181. When the spacing is so 
small that it interferes with the ionizing distance, the apparent 
strength of oil increases. At spacings above this, the gradient 


'Puex, F. W., Jr., ‘High Voltage Engineering,’ Jour. Frank. Inst. 
December, 1913. 


OIL AND LIQUID INSULATIONS 225 


is constant until the separation is so great that corona forms 
before spark-over. 
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Fig. 182.—Strength of oil between spheres at 60 ~. 
(Data from constant part of the curve.) 


Taste LXVIII.—SpPHEREs IN OIL 
Gradient at constant part of the curve. Tests at 60 ~. 
Data from Table LXIV 


ee hee hie Peco eal ky! 
' Gradient, ely : Gradient ES 
ERS a ky./em. max. VR ec | kv./em. mae VR 
0.159 348 7s, 25; 1 PA | 120 0.89 
0.237 260 2.05 3.12 98 0.56 
0.355 222 1.68 6.25 82 0.40 
0.555 169 i230 12,59 56 0.28 


The rupturing gradient at the constant part of the curve for 
-various spheres is given in Table LX VIII, and is shown in Fig. 
182. This may be written approximately 
4 


VR 


The ionizing distance is approximately 2V/R. 


I. = 28.a(1 a ) kv./em. max. 
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The spark-over voltages for concentric cylinders, where iir= 
about 5, and for spheres above 2\/R spacing on the constant 
part of the curve, may be approximated by substituting g in the 
voltage formula 


e = gr log. . cylinders (use g., p. 159) 


‘ 


e=g9 ; spheres (use gs above) 


In oil, the apparent strength can be greatly improved by limiting 
the ionizing distance by barriers, etc. This can be seen in 
Tables LXIV and LXV, where e/X is given for parallel planes, 
and g, for spheres. For the small spacings, the apparent ruptur- 
ing gradient is very high, just as in the case of air. Strengths as 
900 
800 
700 
600 


Kilovolts (Max.) 
> 
oa 
oOo 


Lee 
Q 5 10 15 20) (25° 30 625) 40 "45° 50) 55 60/65) 09G 
Spacing in Centimeters 


Fic. 183.—60-cycle breakdown voltage of transil oil (10-c) between points. 


high as 700 kv. per centimeter have been reached. Insulation 
barriers give an added effect by preventing moisture particles 
from lining up. 

Care must be taken, however, that the barriers are not so 
placed as to increase the stress on the oil by the high permittivity 
of the solid insulation. 

Figure 183 shows a spark-over curve of a needle gap in oil, 
extending up to rather large spacings. 

Transient Voltages.—Transient voltages of short duration 
greatly in excess of the low-frequency rupturing voltages may be 
applied to insulations without rupture. In other words, the 
rupture of insulation requires not only a sufficiently high voltage 
but also a definite minimum amount of energy. This means, 
also, that a definite but very small time elapses between the 
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application of voltage and breakdown. This is sometimes called 
the “dielectric spark lag” and has already been discussed for air 
in Chap. V.' At low frequency a given definite voltage is 
required to cause rupture during the comparatively unlimited 
time of application. This voltage is constant until the applica- 
tion is limited to a definite minimum time, when a higher voltage 
is required to accomplish the same results. Such transient 
voltages of short duration, and impulses of steep wave front, 
must not be confused with continuously applied high frequency 
where breakdown will generally take place at lower voltages, 
due to loss, ete. 

In Table LXIX the relative preedonn voltages of gaps in oil, 
at 60 cycles, and for impulse voltages of steep wave front are 
given. An impulse voltage much higher than the 60-cycle vol- 
tage is required to break down a given gap. If similar air and oil 
gaps are set to rupture at the same low frequency voltage, a much 
higher transient voltage will be required to rupture the oil gap 
than the air gap, indicating greater time. An air gap may thus 
protect an oil gap, but not vice versa (see page 142 and Appendix). 


Taste LXIX.—CompariIson OF 60-cYCLE AND ImpuLSE SPARK-OVER IN 
OIL AND IN AIR 


Oil 1 Air 
| 
= Ky. im- A = Kv. im- 
dap [Amine | E80 Tae, || cum | Sot Be0 | ae 
max. jj max. 
Stand. dise....} 0.5 56.6 | 170.0 
2/0 needles...) 1.0 50.2 |} 103.3 | 2/0 qil 50.2 67.8 
2.0 68.8 | 157.0 needles | 17.5 108.0 | 198.0 
3.0 (310), ||| PRELGS 
4.0 108.0 | 321.0 | 
0.25 Bihg PA alle Me ress 
2.54-cm. 0.51 62.8 | 199.4 
spheres. Ose 87.5 | 279.0 
1.02 (Me PA eres ae 
6.25-cm. 0.25 47.5 | 162.5 
spheres. 0.51 68.3 | 244.5 
0.70 88.3 | 267.0 
1.02 115.8 | 284.0 
Snr (En eS nnn ne eee EEsEEEEEEE EEE 


1Ppex, ‘The Effect of Transient Voltages on Dielectrics,” Trans. 
A.J .E.E., p. 1857, 1915. 
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The above voltages are measured by sphere gaps at low fre- 
quency and for impulse. The difference between the 60 cycles 
and impulse voltages increases as the steepness of the impulse 
increases. Oil is an excellent insulation in combination with 
barriers. On solid insulations the effect of transient voltages is 
cumulative. A partial break occurs which is enlarged by each 
succeeding impulse, until finally complete failure follows. With 
oil, such “cracks” are closed up by new oil immediately. 

At continuously applied high frequency oil, breaks down at 
lower voltages than at 60 cycles. The following comparison 
made by the author is of interest: 


Transiu OIL—BETWEEN FLAT TERMINALS—SQUARE EpGE—2.5-cm. Dr- 
AMETER—0.25-cm. SpACE—BREAKDOWN VOLTAGE GRADIENTS 


High frequency Single impulse, sine 
60 cycles alternator shape, corresponding to 
90,000 cycles 200,000 cycles 
Ky./mm. Ky./mm. Ky./mm. 
(max.) (max.) (max.) 
17 6.7 | 39 
\ 


D.C. Strength of Oil.'—The direct current strength of oil 
generally corresponds to the maximum (4/2 X effective) 60 
~ value. 


1 Pregk, ‘The Effect of High Continuous Voltages on Air, Oil, and Solid 
Insulation,” Trans. A.J.E.E., p. 783, 1916. 


CHAPTER VIII 
SOLID INSULATIONS 


General.—Some of the principal solid insulations are paper, 
varnished cambric, oiled and varnished pressboard, built up press 
board, treated wood, mica, micanite, soft and hard rubber, 
synthetic resins, glass, and porcelain. 

With gaseous and liquid insulations, as air and pure oil, there is 
very little loss up to the breakdown gradient. A gradient just 
under the breakdown gradient may be applied and held and the 
loss is so small that no appreciable heating results. Thus, the 
loss in air and oil is essentially a phenomenon above the electric 
elastic limit. This loss generally exists in some locally broken 
down part of the insulation, as the corona on the surface of a wire. 
The break does not extend through the whole insulation, and 
when the stress is removed, new air takes:the place of the broken 
down air and all evidence of overstress is removed; in other words, 
in air and oil a local breakdown is “‘self healing.’’ 

Almost all insulations are partially conducting or have a very 
high resistance which is spoken of as insulation resistance. The 
actual resistance of the insulation itself, which is very high, 
apparently has no direct connection with the dielectric strength 
which is measured by the gradient or flux density or stress 
required to electrically strain the dielectric above the “electrical 
elastic limit”’ so that actual rupture or breakdown occurs. For 
instance, in a condenser made of two metal plates with a solid 
dielectric between them, when alternating-current potential is 
applied, energy is stored in the dielectric by electric displacement 
at increasing potential and delivered back to the circuit at 
decreasing potential, as long as the potential does not stress the 
insulation above the elastic limit. If the dielectric were perfect, 
a wattmeter in the circuit would indicate no loss. In all practical 
insulations, the wattmeter does read a loss due to the /°R loss 
in the insulation and the dielectric loss, sometimes called “dielectric 
hysteresis.”! If the voltage is sufficiently increased to exceed 

1In what follows, the total loss will be called the dielectric loss (see pp. 
37, 38). 
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the elastic limit, actual rupture or breakdown occurs; along this 
discharge path the insulation is destroyed. Air has a very high 
insulation resistance but not a very high dielectric strength. 
When the insulation resistance, however, of a given solid insula- 
tion becomes very low, as caused by moisture, etc., it is an indica- 
tion of large loss and low breakdown voltage. Thus, the term 
“insulation resistance” generally takes into account the resist- 
ance of the occluded moisture. 

Insulation Resistance.—The actual resistance of the insulating 
material itself is generally very high. Practically all solid and 
liquid insulations absorb moisture to a greater or less extent. 
The capillary tubes and microscopic interstices, etc., in the struc- 
ture become filled with moisture and gases. In the non-homo- 
geneous structure this makes a complicated arrangement of 


(a) (b) 


Fic. 184,—Diagrammatic representation of resistance arrangement in imperfect 
insulations. 


capacities and resistances in series and in multiple. A simplified 
diagrammatic illustration of the distribution is shown in Fig. 184. 

Let 184(a) represent a magnified section of insulation between 
two terminals, and 184(b) a diagrammatic representation. The 
resistance of the insulation itself, which is very high, may be 
represented by r;. Let 1 be a partially conducting fiber which 
extends only partway through the insulation and is, thus, in 
series with a capacity. It may be represented by rz. Let 3 
and 4 be partially conducting fibers which extend all the way 
across and represented by rm. There may also be leakage resist- 
ance over the surface. 
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Direct current is used to measure insulation resistance, as the 
charging current for alternating current is very large and masks 
the resistance current. Watt measurements are necessary, as 
well as volts and amperes, to determine the effective alternating- 
current resistance. The alternating-current and direct-current 
resistance should, however, be quite different. When direct 
current is used, sufficient time must elapse after the application 
of voltage to allow for absorption (see Chap. II, page 37). 

With direct current, the only path for the current is through r; 
and r,, in multiple which is, therefore, the resistance measured. 
The resistance varies with the applied potential, decreasing with 
increasing potential. The conducting particles are caused to 

~line up, cohere, occluded gases break-down, etc., as the potential 
is increased. 

When alternating-current voltage is applied to insulation, the 
capacity current must pass through r,; in shunt with this is the 
circuit through r; and r,. The loss in rz must increase with 
increasing frequency, while the loss through r; and 7, must 
remain constant at a given voltage, independent of the frequency. 
The greater loss will generally occur in rz. The direct-current 
insulation resistance cannot be used in approximating the [?r 
alternating-current loss. If the alternating-current loss is 
measured, as well as the voltage and current, the effective resist- 
ance may be calculated. This resistance loss, however, must be 
greater than that due to r, as other losses are included. 

In Table LXX some direct-current resistances are given for 
different materials. Note the effect of moisture absorbed from 
the air even for varnished materials. 

With air and oil an appreciable loss begins only when a definite 
gradient, sufficiently large to cause local rupture as brush or 
corona, somewhere results; loss occurs after the elastic limit has 
been exceeded. The dielectric loss in solid dielectrics is essen- 
tially a loss below the elastic limit. In solid dielectrics, a stress 
may be applied lower than the elastic limit which, after a short 
time—on account of the heating and, hence, weakening of the 
insulation—will cause rupture. 

The dielectric strength of most solid insulations is, thus, quite 
complicated because of the non-homogeneous structure tied 
together with high-resistance paths. While in short time tests 

‘the effect of these paths may be inappreciable, in long time tests 
the pyroelectric effect will cause the resistance to decrease at 
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Taste LXX.—InsuLaTion RESISTANCE 
Resistance Megohms per Cm. Cube 
(Data obtained by Evershed, J.I.E.E., Dec. 15, 1913) 
D.c. volts 
Material 
50 100 200 500 

(Chior Glactecseocseeeoste 350.0 275.0 200.0 140 
Cotton, not dried.:...:..... 2.8 2.5 P57 eels EN 5 
Micanite, exposed to air..... 220.0 175.0 160.0 140 
Micanitemdiried tet tie. 5 tomcat itso ee. Stns 2 ane caters ae 300,000 200,000 
Cylinder oil, trace of moisture|}.......... 22,000 22,000 22,000 
Cy lincdersoiy diyanastecacta at aera set eee 36,000 36,000 36,000 
Varnisheds cloth, 12) hrvafter)/). 5... 22. 35,000 35,000 35,000 

baking. 
Varnished cloth, 9 days after; 17,000 14,000 11,000 9,000 

baking. 
eee 


local points. For some types of solid insulation, this actually 
may be the controlling factor. 

Rupturing Gradients.—Apply voltage lower than the puncture 
voltage between concentric cylinders with dry insulation between 


Kilovoita 


Time Minutes 


Fre. 185.—Insulation puncture voltage vs. time. 


(Oiled pressboard, 2.5 mm. thick. The curve does not cut the kv. axes as it 
appears to on account of the time scale.) 


surfaces, and gradually increase to the rupturing voltage within a 
short time so that there can be no appreciable rise in temperature. 
The mechanism of rupture will be quite different for oil or air, 
glass or porcelain, and cambric. For oil and air, corona results 
near the surface of the inner cylinder, the breakdown is local and 
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disappears when the stress is removed; or, if the stress is further 
increased, spark-over finally results. For glass or porcelain, as 
soon as overstress is reached locally, a crack results at the surface 
of the inner cylinder and complete breakdown follows. With 
cambric there is local rupture and local charring of the insulation 
which forms carbon “needles.’”’ The break is progressively 
increased; this continues until the breakdown is complete. A 
wet thread or gas bubble, as (1) in Fig. 184(a), may, in effect, act 
as a needle and thus cause breakdown. The breakdown gradi- 
ents of solid insulations are thus variable and not as definite as 
with air and oil. 

The puncture tests on solid insulations vary greatly between 
different samples of the same material, shape, and area of the 
electrodes, time of application of voltage, ete. Insulations should 
be thoroughly dried before tests are made. 

In comparing solid insulations, it is generally best to make some 
arbitrary time tests to include the effect of dielectric loss and, 
thus, heating on the breakdown voltage. The effect of loss is 
cumulative; the insulation becomes warm and, while the loss 
increases with the temperature, the dielectric strength generally 
decreases with increasing temperature. The ultimate strength 
naturally, then, depends on the rate at which this heat is con- 
ducted away. This is illustrated in Fig. 185. With the elec- 
trode used, if the voltage is “‘rapidly applied” before heating 
occurs, 80 kv. are required to cause rupture.' If 50 kv. are 
applied, rupture does not occur until 4 min. have elapsed, while 
30 kv. may be applied indefinitely without rupture if the room 
temperature is not increased. The curve does not cut the voltage 
axes as appears in the cut, on account of the time scale, but is an 
asymptote to it. The effect of temperature is also illustrated in 
Table LX XI, where, in one case, the electrode is of brass giving 
good heat conduction, and, in the other case, of wood coated with 
tin foil giving poor heat conduction. As the applied voltage 
approaches the rapidly applied rupturing voltage, there is not 
sufficient time for the insulation to heat to a great extent and the 
effect is about the same for either brass or the coated wood 

1 “Rapidly applied” voltage as used above means voltage applied within a 
fairly short time, a few seconds, and not impulse voltage or voltage of very 
steep wave front. ‘Instantaneous’ is commonly used to designate this 
test; this term is confusing. The test itself is not wholly satisfactory as 
it is indefinite. It offers, however, a means of making a preliminary com- 
parison of insulations. 
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electrode. The effect of heating is also shown by direct-current 


tests, page 257. ; 
The effect of applying a high voltage, allowing different periods 


of rest for cooling, and then applying voltage until rupture, is 


Taste LX XI.—Errect or Hear ConpucTING PROPERTIES OF 
TERMINALS ON TIME OF BREAKDOWN 
Two Thicknesses of No. 12 Oiled Cloth 
(From Rayner, Journal J.E.E., Feb. 8, 1912) 


Time of breakdown 
Volts 
Brass terminals Wood terminals? 

9,000 570.0 sec. 50.0 sec. 
10,000 48.0 sec. 19.0 sec. 
11,000 16.5 sec. 10.0 sec. 
12,000 10.2 sec. 6.2 sec. 
14,000 5.2 sec. 4.5 sec. 


2 Coated with tin foil. 


shown in Table LXXII. The injurious effects of applying high 
voltage for different lengths of time is shown in Table LX XIII. 
This is probably due to the effect of heat and injury to the surface 
by corona. 


TasLte LX XII.—ReEcovERY IN VARYING PERIODS OF REST AFTER APPLI- 
CATION OF 9000 Votts For 1 Minute! 
Two Thicknesses of No. 12 Oiled Cloth 
(From Raynor, Journal I.E.E., Feb. 8, 1912) 


Period of rest | apo ce aL Period of rest eee nS 
ik chine ens ee Oe 2.6 sec. 0 2.5 sec. 
LN were ae ae 9.5 sec. 5 sec. 4.4 sec. 
Zee ene eee | 11.9 sec. 15 see. 9.0 sec. 
Fresh material... . 12.0 sec. 60 sec. 9.8 sec. 
fig ratte Ge Saud be Pe Oeae eae cee eee Fresh material 20.5 sec. 


‘ Time to break at 9000 volts, 1-14 to 2 min. 


The action of corona or breakdown of the air at the surface of 
the insulation is shown in Table LX XIV. 
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The arbitrary practical tests for comparing insulations are the 
rapidly applied (instantaneous) test, the one-minute test, and 
the endurance test. Rapidly applied breakdown voltage . is 
found by applying a fairly low voltage and rapidly increasing 

TaBLE LXXIII 
(From Raynor, Journal I.E.E., Feb. 8, 1912) 


Time of breakdown (left to cool over night) 


Time of treatment at 
5000 volts 
At 6500 volts At 7000 volts 
Oates ie ea tis, oa 22.0 min. 8.5 min. 
AGH ilo. (ctoe Gis uae es 6.5 min. 8.3 sec. 
Py a0 ge Le Bee an ay ees ee <3 ISOC. 2 manile tits |i2 ct pew eer ear se Fe 


TasLe LX XIV.—Errect or Arr Gap (Corona) 


Two Thicknesses of No. 12 Oiled Cloth 
10,000 Volts 


(Raynor, Journal I.E.E., Feb. 8, 1912) 


eoeay ai Time to puncture, 


seconds 
0.00 42.0 
0.30 34.0 
0,50 27.5 
ObTS 24.0 
1.05 _ 120 (irregular) 


until breakdown occurs. Voltage should be increased at about 
5 kv. per second. 

The minute test is made by applying 40 per cent. of the rapidly 
applied voltage and increasing this voltage 10 per cent. at 1- 
min. periods until puncture occurs. (Total time about 5 min.) 

The endurance test is made by applying 40 per cent. of the 
minute test voltage and increasing the voltage 10 per cent. every 
hour or half hour until puncture occurs. These tests may be 
made at any given temperature. The electrode should be of a 
given size and weight. Ten-centimeter diameter electrodes, 
slightly rounded at the edges, will be found convenient. Table 
LXXYV gives an example of such tests. 
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TasLe LXXV 
Muslin with Three Coats Varnish—Total Thickness 2 mm. 
Rapidly Applied (Instantaneous) Breakdown and Resistance 
Resistance in megohms for samples 
Temp., deg 
cent | | 
1 | 2 3 | 4 | 5 
20 73,400 73,400 97,900 | 97,900 | 73,400 
Us; 650 390 310 270 170 
100 100 99 fal gt 70 | 50 


Breakdowns in kilovolts. 


100 


40.6 


44 | 


Average breakdown 40.6 kilovolts 


Tests made in oven at 100° C. 


43 36.5 


One-minute Test 


Apply 40 Per Cent. of Rapidly Applied Breakdown Voltage for 1 Minute, 
with 10 Per Cent. Increase in Voltage Each Minute 


——_— oo 


Tenn der Tesistance in megohms 
cent. 
6 ie | 8 | 9 10 
20 73,400 73,400 | 73,400 | 97,900 | 97,900 
75 320 333 | 451 274 330 
100 59 60 | 70 


Temperature for samples 


Time under stress poxeatent 

applied 6 y 8 9 10 ee 
Start::.2 sta doe Cie en 100 | 100 101 103 100 100 
iomingeee eee 16,000 LOL F101 103 104 102 100 
Qin acca. eee 17,500 102 | 102 104 105 103 100 
sHanbbine oats bh 19,000 105 | 104 106 108 105 100 
AMIN eee net 20,500 111 | 108 108 111 107 100 
aanatbay AAG ee A owe 22,000 VAL | ala: 111 iatry 108 100 
5 min. 5 sec 23; BOO [52 cts oc Oe rallfeels teks See 115 punctured 
5 min, 46 sec 23,500 146, punctiited y.c.c\eoce se -| eee eee 
(MaatbhAkL. Fy oe oe 23-D00) eater 118 114 120 gee 100 
6 min. 10 sec PASO Oat | Siete ailletie cats occser = 135 punctured|....... 
6 min. 35 sec 25,000! Us wuicteloueees 11S puncturediiey ee ieee 
id SIMLATIA ete setts ial intra eos RR re cS oN ewer Me ecu G cllinobhons 2 = 100 
7 min. 58 sec PAR AOUE Was oy as 140 punctured saree ee eee 

| 
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Endurance Test 


Apply 40 Per Cent. of 1-minute Period Endurance Voltage, for 30-minute 
Periods Endurance Test, with 10 Per Cent. Raise in Voltage Each Period 


Resistance in megohms 


Temp., deg. 
cent. | | 7 
11 | 12 13) 14 15 
22 74,300 74,400 74,400 99,100 49500 
75 390 420 230 290 110 
100 90 70 30 60 30 


S— nk eaeaeeeeeaesE__ee__ eee 
T 


Time under stress ae icieseiaes 
applied | | 

11 12 13 14 15 Air 
SO ELT bttrewennh oy swag vas etitie cheats. Aye ve all 99 | 100)| 100 101 99 100 
O° Senrias eee. 10,000 103 TORE |) TSS} 108 115 100 
34 min melt (OO anlar. oll ieee oan LS2epunc hurd anaes eee 
54 min Meee meted COC) a perenne ite ernie clezagnt cocll eects, ae 198 punctured 
Pee cas L000 1-404 Wy 108 fee. . 33 iD a aes | 100 
ail hes ere eel 12,000 LOGR LN ieee ee AL SP ee cores 100 
ere eee tee 13,000: TOS |) AND See i LRA co eo ake 100 
Bahra oun eee ele OOO ects | Ace tetllsietas 2 |. 215 punctured)... ... 2. 
2 hr 25 min: ee PAU ON occ AO SepUMC LUNE meinen |reapne aha Peas, « 
DD panko tied. ERT OS) BS ete gate (Ron Same coon ne oe 
el seers ee were 1, 000 SAS ales cera ears rillese, secre lhe c arfewallltirs dere 'e. 
Saliva oeniion ee ee LO,000 LAO OMT CUULEC mee alice tthe, allckea cient eilicaness eceve 

Z | | 


A considerable amount of data is given here for the 1-min. 
time test. It must be remembered that in design only a fraction 
of the maximum gradient corresponding to this voltage is per- 
missible for continuous operation, the particular percentage 
depending upon the design, the insulation, the rapidity at which 
heat may be radiated, or conducted away, etc. It is generally 10 
to 15 per cent. on main insulation; it is often as low as 5 per cent., 
sometimes as high as 30 per cent. 

Strength vs. Thickness.—Insulation tests are generally made 
for convenience on sheets between flat terminals. The gradient 
at the edges, even when these are rounded, is generally higher 
- than the average gradient e/z. This edge effect is different with 
different thicknesses of insulation. The puncture voltage per 
centimeter thickness is always greater for thin sheets of insulation 
than for thick ones. This is partly due to the edge effect which 
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cannot be corrected for and becomes relatively greater as the 
thickness of insulation is increased. (At small spacings e/x is 
very nearly the true gradient; at large spacings e/x is not the 
true maximum gradient.)! It is also greatly due, in the time 
tests, to the better heat distribution and dissipation in the thin 
sheets and partly due to the fact that energy is necessary for 
disruption, so that when the rupturing distance is limited, as 
in the case of thin sheets, the apparent strenght increases. 


ra Figure 186 shows apparent 


360 variation in strength with 
- ne He thickness. Between parallel 
a | = plates the yi strength 
280 i | is approximately: 
SCCCCNEEEE EE se 

SE ws A nmol tor ) 

ae ie ie where g and a are constants 

Each | ~ and t is thickness. 

E140 { The above theoretical ex- 
a | Ol pression is very similar in form 
si | to the breakdown relation for 
60 ! air (see page 58, Chap. IV). 
“ ex Lt An equation derived from 

actual experimental data on 


0 
02 04 06 .08 .10 12 .14 16.18 .20,22,24.26 28 


Thickness-em, 


insulation breakdown? is of 
the form KV = AT”. Here, 

Fig. 186.—Insulation strength s- VW is the breakdown voltage 

in kilovolts, A the strength 
per unit thickness, 7’ the thickness, and n a numerical factor 
generally less than unity, and depending on the testing methods, 
the dielectric, and the insulation history; that is, the previous 
drying, treating, etc., it has undergone. 

With a perfectly uniform field, the factor n would be unity. 
Due to the edge effect with the usual flat straight-edged elec- 
trodes, it is generally less than unity. The larger the electrodes, 
the higher the value of n. Figure 187 shows four curves illustrat- 
ing this effect of electrode size. With a given electrode and 
dielectric, n can be raised by shielding the edge of the electrode 
with a ring of such a material as albarene stone. 

1 Special flat terminals are sometimes used with ‘‘shielded” edges so 
that e/x is the true gradient. 

*Criark and Monrsinamr, G. H. Review p. 286, 1925. 
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The usual range of variation of n for insulations in general is 
from 0.5 to 1.0. The average n is about 28, which is also the 
value for oil between pointed electrodes. 

When shielded edges are used, it is generally best to make 
insulation tests under oil unless it is desired to make a study of the 
effect of corona on the insulation. With pointed electrodes, the 
instantaneous puncture voltage of a given insulation will be less 


HSS Oi eS ae Se 

ttt 

BISaSa5 
s{{I 


Kilovolts to Puncture 


] LS 45 5167/89) 2 3 456789) 
Thickness in J2-Mil. Layers 


Fic. 187.—Effect of electrode size on the strength-thickness relation. 
Straight-edge brass electrodes with black varnished cloth (0.012 in.) tested in oil 
at room temperature using 60-cycle alternating current and minute test pro- 
cedure. All points are averages of 10 tests. All curves run simultaneously. 


in oil than in air. This is not because the oil weakens the insula- 
tion but because corona forms on the point in air and spreads 
over the surface, giving the effect of a flat plate electrode. 

Dielectric Strength of Cables.—Some tests of the dielectric 
strength of cables or concentric cylinders in solid insulation 
indicate that the breakdown gradient may follow the same 
general law as for air and oil, thus 


a : 
» = Jo( 1 + —= ) kv. per centimeter. 
go = 9.(1 +S.) bv.p 
A certain set of results for cables gave the constants as follows: 


go — 100 ( L-- aa kv. per centimeter 
Vr 
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This means that at breakdown the gradient is 100 kv. per 
centimeter at a distance 2 i 1Vvr rem. from the conductor surface 
where the gradient is g,.' 

Solid and Laminated Insulation—The structure of most insu- 
lations is not homogeneous. If a given insulation is tested with 
terminals of varying area, it is found that the average puncture 
voltage becomes lower as the area is increased, and thus the 
chance of it covering a weak spot is increased. As would be 
expected, this approximately follows the probability law as 
shown in Fig. 188. 


15 


18 


Disruptive Voltage-Kilovolts 


Radius of Flat Terminals-Cm. 
Fig. 188.—Insulation strength vs. Fre. 189.—Variation in di- 
area of terminal. electric strength at different 

parts of a piece of insulation. 


The reason that the experimental curve bends down is that the 
gradient is fairly constant until the terminal becomes small 
when the gradient increases, due to flux concentration with the 
smaller terminal. If the curves were plotted with actual gradi- 
ents instead of voltages, the experimental curve would follow 
more closely the probability curve. The experimental gradient 
curve would, however, for the smaller sizes, bend up faster than 
the probability curve, due to greater apparent strength for smaller 
terminals, as for small spheres in the case of air. The curve 
between e/x and diameter for flat terminals of the larger sizes 
when the concentration at the edges is about constant should 
follow the probability curve. 

For example, suppose Fig. 189 represents a piece of solid insula- 
tion 0.025 mm. thick and sufficiently large to contain every 
condition of ‘‘weak spot.” Divide this into six equal squares 

1 Peek, F. W., Jr., “Discussion,” Trans. A.J.E.E., p. 611, 1922. 
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each of area a. The strength is marked on the various areas. 
Assume that an electrode is used giving no edge effect. With 
electrode of area a six tests are required to go over the whole 
piece. With electrodes of area 2a three tests are required, with 
area 3a two tests, and Ga one test. The following results may be 
obtained: 

Ae SS Se A Se a oe) ae x OS 


Area No. of Total area MS eg 
electrode punctures covered 
| Maximum Minimum Average 
ORG ra swat nas aie 6 6a 20 10 14 
Dee ie 3 Ga 18 10 13 
5 Ge cee 2 | 6a 12 10 i 
6a. 1 6a 10 10 10 


The results are somewhat similar to the lower points of the 
curve in Fig. 188. 

On account of these characteristics alone, an insulation built 
up of laminations is much better than a solid insulation, as the 
weak spots in the laminations are not likely to line up. It is 
also much easier to make better and more uniform insulation in 
thin sheets. 

Tests are useless for comparing insulation strengths unless 
made upon some standard basis. Great caution is necessary 
in the use of tabulated values of insulation strength in design. 
On account of the variable quality of solid insulation, tests must 
be continually made to see that the product does not change. 
Vacuum treatment is necessary before tise to remove moisture. 
Even when all of the test conditions are known, experience is 
necessary to judge the proper factor of safety. Aside from this, 
stress concentrations due to the shapes and spacings of the con- 
ductors must always be considered and allowed for. It is gener- 
ally not possible to do this with mathematical exactitude, but 
approximation must be made with all factors in mind. Care 
must be taken that the solid insulation is below the rupturing 
gradient at any local point. If such a point is broken down 
locally, the flux becomes still further concentrated. The punc- 
voltage will decrease with frequency, even over the commercial 
range, due to increasing loss with increasing frequency. 

Impulse Voltages and High Frequency.—It takes energy and, 
therefore, time to rupture insulation. For a given potential a 
given number of cycles of very high-frequency voltages, where 
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heating does not result, are, therefore, much less injurious than 
the same number of cycles at low frequency... This also applies 
to impulse voltages of steep wave front. Continuously applied 
high frequency is, however, generally very injurious for two 
distinct reasons: 

(1) On account of the very great loss at continuously applied 
high frequency the insulation may be literally burned up in a 
very short time even at low voltages. This condition does not 
result in practice from surges, ete., on low frequency lines, but 
in high-frequency generators, transformers, ete. In such 
apparatus it is important to use very smooth electrodes to prevent 
local concentration of stress and charring of insulation. This is 
especially so where contact is made with the air. If a local brush 
starts, on account of the great loss, it becomes very hot and 
extends out a considerable distance. 

(2) In certain apparatus containing inductance and capacity, 
very high local potential differences may be produced by reso- 
nance and cause rupture by overpotential. The high frequency 
thus does not cause the rupture directly but makes it possible 
by causing overpotential. Local concentration of stress may 
also result in non-homogeneous insulation, as across the con- 
denser and resistance combinations in Fig. 184. 

The term “‘high frequency” is generally used in such a way _ 
that no distinction is made between sinusoidal high frequency 
from an alternator, undamped oscillations, damped oscillations, 
impulses of steep wave front, ete. Naturally, the effect of con- 
tinuously applied undamped oscillations is quite different from 
a single high-voltage impulse of extremely short duration. As 
the effects are attributed to the same cause—high frequency 
—apparent discrepancies must result (see comparative tests, 
Table LX XVI, page 250). 

If the time of application is limited below a definite value, 
higher voltages are necessary to produce the same results in 
the limited time. Impulse voltages of steep wave front many 
times in excess of the rupturing voltage may be applied to insula- 
tions without rupture if the application is very short—measured 
in microseconds. They may be caused in practice by lightning, 
switching, ete. If such voltages are sufficiently high, complete 
rupture may result at once. In any case, if these voltages are 
higher than the 60-cyele puncture voltages, the insulation will 
be damaged, As an example, an impulse voltage equal to three 
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times the 60-cycle puncture voltage may be applied to a line 
insulator. During the very small time between the application. 
of the voltage and the arc-over through the air, the insulator 
is under great stress. It may be that up to the ninth applica- 
tion of such a voltage there is no evidence of any injury, while 
on the tenth application failure results. Each stroke has con- 
tributed toward puncture. It is probable that each application 


adds to or extends local ecracks.! 
Figure 190 shows the overvoltage necessary for puncture of 


solid insulation with limited time of application, the overvoltage 


Zypical Curve 


Ratio of impulse breakdown to rapid) 
Crest Biechah be 


Impulse Ratio 


ee 2S eee ae Se 6 ae Cie I Ot ee ie 
Duration of Single Impulse in Microseconds 


Fie. 190.—Impulse ratio and cumulative effect of impulses on solid insulation. 


factor being expressed.by impulse ratio. It is seen that voltages 
in excess of about 80 per cent. of the single-stroke breakdown 
value will cause deterioration and eventual failure if a sufficient 
number of impulses are applied. 

Variation of Dielectric Strength with Frequency.—The loss in 
a given insulation increases approximately as the frequency or 
the loss per cycle is constant. It follows, as stated above, that 
the heating may be very great at the higher frequencies when the 
voltages are continuously applied. Since the dielectric strength 
decreases with the temperature, it must also decrease with 
increasing frequency. It is important, therefore, to consider 
the relative dielectric strengths at frequencies of the order of 
those used in practical operation. 

For the 1-min. test, the breakdown voltage at 25 cycles is 
about 10 per cent. higher than the breakdown voltage at 60 
cycles; at 120 cycles it is 10 per cent. lower than at 60 cycles, while 
at 500 cycles it is from 25 to 30 per cent. lower. 

1See appendix. 
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It is sometimes necessary to make induced voltage tests on 
transformers at a frequency higher than the operating frequency, 
but not exceeding the above range. In such cases it is generally 
desirable to reduce the time of test rather than the voltage. If 
the time is reduced so that the same number of cycles occur, or 
inversely as the frequency, the test is somewhat more severe than 
for the full time at operating frequency. 

Cumulative Effect of Overvoltages of Steep Wave Front.— 
Voltages greatly in excess of the rapidly applied 60-cycle puncture 
voltage may be applied to insulation without rupture if the time 
of application is sufficiently short. All such overvoltages injure 
the insulation, probably by mechanical tearing, and the effect 
is cumulative. A sufficient number will cause breakdown. For 
example: A piece of oiled pressboard 3.2 mm. thick has a rapidly 
applied breakdown at 60 cycles of 100 kv. maximum. If 
sinusoidal impulses reaching their maximum in 2.5 microseconds 
are applied, the number of impulses to cause break-down is as 
follows: 


Kv. maximum of Number to cause 
impulse applied breakdown 
100 © 
140 100 
150 16 
155 2 
165 1 


If the impulses are of still shorter duration, a greater number 
are required to cause breakdown at a given voltage. Insulations, 
and line insulators, are often injured and gradually destroyed in 
this way by lightning. 

Strength vs. Time of Application.—It was stated above that 
the strength varies with the time of application (see Figs. 185 
and 190). The range of time shown in this curve is from a few 
seconds (instantaneous) to an indefinitely long time. Over the 
greater part of the plotted curve, heating is a factor and the great 
decrease is principally due to heating. Where the time of appli- 
cation is much less than instantaneous value, and heating can 
have no appreciable effect, the strength still increases very rapidly 
as the time of application is decreased. Some values from an 
actually measured curve are: 

(14 layers impregnated paper between concentric cylinders) 

R = 0.67 em. 
r = 0.365 em. 
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‘ Kilovolts to puncture 
Time, sec. (maximum) 


32.6 
37.5 
49.3 
61.0 
1 85.0 
O1 113.0 
001 196.0 


g = 13.0 (1 Be 
The equation of the strength-time curve over the complete 
range obtained from an examination of a number of curves is of 


the form 
y= 9 ( aN val 
s \/T 


when T is the time of application in seconds, and g, is the gradient 
in kv. per millimeter for indefinite time. The equation generally 
applies well over a range from infinite time to 0.01 sec. For 
shorter periods many insulations shatter and fail at voltages 
lower than the equation indicates. 

Both a and g, vary with the thickness of the insulation, tem- 
perature, etc. 

In order that the strength may be high for indefinite time, the 
loss should be low. 

Permittivity of Insulating Material.—In design, a knowledge 
of the permittivity (or dielectric constant) of insulating materials 
is as important as the dielectric strength. In general the permit- 
tivity of an insulating medium increases with its density. With 
gases and liquids the permittivity increases with a rise in pressure 
and decreases with a riseintemperature. Theamountof this vari- 
ation depends upon the insulating medium. It is negligible with 
air over the practical range of atmospheric conditions. With solid 
insulations, the permittivity of a given material increases prac- 
tically in proportion to its specific gravity. The interpretation 
of this variation with solids is often confusing due to the porosity 
effect which enters. The study of dielectrics has also revealed 
that an increased permittivity in general means a decreased 
resistivity. It is believed that these two characteristics of an 
insulating material are both affected by molecular polarity and 
density. The various properties of some of the commoninsula- 
tions are given in Table LXXYT. 

1F. M. Clark, Journal Frank. Inst., P. 17, July 1929 


=) kv./mm. max. 
dp 
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Taste LXXVI.—Dievectric STRENGTH OF SoLip INSULATIONS 
Variation of Dielectric Strength with Thickness and Number of 
Layers. (One-minute Tests—60-cycle—10-cm. Terminals in Oil. Values 
Effective Sine Wave) 


PRESSBOARD 
Ky./mm.—temperature 25 deg. C. 
No. of Thickness per | Total thick- 
layers layer, mm. ness, mm. Varnished, Oiled transil, | Linseed oil, , 
kv./mm. ky./mm. kv./mm. 
t 0.178 he Vk: Ca a2: ee Re gee 25.3 
1 0.254 0.254 26.3 39.3 23.6 
1 0.508 0.508 Of. 0% tenn eee 23.0 
i 0.787 0.787 19.1 33.5 22.0 
ih 1.575 1.575 15.5 29-9, 19.0 
1 2.390 2.390 tit 23.0 15.1 
1 3.170 3.170 9.5 FAuh 14.2 
2 0.178 0.356 OO8 Riad OM Los tar need 21.0 
2 0.254 0.508 ray 33.5 19.7 
2 0.508 1.016 13 ee ee ee 17.2 
2 0.787 1.574 13.9 22.9 16.0 
2 1.575 3.150 10.6 19.7 15.3 
2 2.390 4.790 | 7.54 16.1 ieee 
2 3.170 6.340 | 6.3 147 Hes OR 
4 0.178 0.712 7. A a eatin AS oh Lee 
4 0.254 L016 9) 222.6 29.8 | 15.3 
4 0.508 2.032 16.540) Whi eee 15.8 
4 0.787 3.148 16.5 | 20.6 19.7 
4 1.575 6.300 11.6 | ~13.65 12.7 
4 2.390 9.560 9.4 pe LEE) Sete eee 
4 3.170 12.680 6.6 etre Meche Fd 
6 0.178 1.068 B55 Nook pee 15.0 
6 0.254 1.524 20.6 27.5 13.1 
6 0.508 3.048 15.4 Lhe rae eee me 14.4 
6 0.787 4.702 14.9 | 20.0 1Z..8 
6 1.575 9.450% ecko tues 11.3. oa eee 


TREATED Woop 
Temperature 25 deg. C. 


Across grain ky./mm. With grain } ky./mm. 


1 12 30 | 2.47 
1 15 60 | 1.57 
1 20 90 OF 
1 25 - 
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PAPER 
(Untreated) 
ra ee ee ed as i or es eo ee ee 
No. of Thick jolene: 

ties ae | Shik area 25° C., kv./mm. |100° C., kv./mm. 

1 0.064 0.064 9.3 9.3 

1 ORL On 7 Fa 7.9 

1 0.254 0.254 7.9 U3 

4 0.064 0.258 ee Fi 8.3 

4 Ouae 0.508 eS Gat 

4 0.254 1.016 6.6 6.2 

8 0.064 0.516 Sint 8.1 

8 | 0.127 1.016 7.4 6.6 

8 | 0.254 PIPE ENT 6.0 

VARNISHED CLOTH 

1 | 0.305 0.30, 26.2 PS) (a) 

2 0.305 0.61 205 19.7 

3 | 0.305 0.91 Site 17.0 

4 0.305 il 2 16.8 14.9 

5 | (0) 05) iL days ise eye 

6 | 0.305 S35) 14.6 IL 

Hf 0.305 | 2.13 14.0 10.3 

8 0).305.- 2.44 ilSja3} 9.2 

9 | 0.305 2.74 12.8 8.3 

10 0.305 3.05 12-3 Tf ot) 


Harp RUBBER 


Thickness per 


| Total thickness, 


Puncture voltage 


eon iayers layer, mm. mm. fo a 
| 25° C., ky./mm. 100° C., kv./mm. 
| 

1 OR OUD IW tacts Gee tad evedeste DOR PN Partita cusddtam apa 
1 0.0223 ene Ble aye lee)" Oct ed 08s, -, ctecleaehs acct 
1 OOS Bae ertensntr states. c.t6) <a). See A NP cons cee Ve 
1 2.0 2.0 LAS pee ilferetare tahercot og 
1 3.0 3.0 GLE A Soll Ne arena arcrnistorle 
i 4.0 4.0 OST S| aerornmtorOiance 
1 5.0 pees 0 oct alae cme 
1 | 6.0 | 6.0 D2 Bee We lee eect eee 
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Mica 
jee SS Ee 
1 0.0508 0.0508 06.50 SE iad 
1 0.1016 ° 0.1016 SSvic ep NS ekeeeree oe 
1 0.1524 0.1524 (52D gl Tepe 
J 0.2032 0.2032 6216.2" aac cme 
1 0.5080 0.5080 D651 eee eee 


en 


Guass 
Total thickness Ky./mm. 
6.0 10 


The kv./mm. strength of glass decreases rapidly with increasing thickness. 


PoRcELAIN 
Total thickness, mm. Kv./mm. 
0.5 16.0 
1.0 14.5 
2.0 12.2 
5.0 11.0 
10.0 9.6 
1520 952 


VARIATION OF INSULATION STRENGTH WITH TIME OF APPLIED VOLTAGE 


Fae, Thicktessy | Timeto . | ase ey qoemad 
mm. jPuncture, min kv./mm. kv./mm. 
Oilimpregnated paper,| 1.90 | “Inst.” 39.4 32.0 
30 layers, 60-cy., 10- | ag ee 27.3 
em. diameter discs, 2 31.0 25.0 
round edges. 4 29.2 24.5 
6 28.2 23.6 
10 26.8 22.7 
| 20 25.5 21.6 
40 23.6 20.5 
60 22.7 19.7 
80 eae 19.3 
| 100 21.6 19.0 

a ee eee eee 


Note that for a given thickness the strengths of materials do not vary as 
greatly as might be expected. 
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Fe a ee 


Puncture voltage, 25° C, 
Material ano meh ae :. 
mm. 4 1 layer, 5 layers, | 10 layers, 
mm 10,30 mm. |1.50 mm. | 3.0 mm. 
ky./mm. | kv./mm, | kv./mm. 
Varnished cloth, 0.30mm.,} 0.30 | “Inst.” | 52.5 | 33.1 | 27.2 
60-cy., 10-em. diameter 0.1 ull oO 27.5 22.3 
in air, round edges 0.2 34.5 25.8 19.7 
0.5 32.8 22.9 16.4 
1720 32.5 21.0 14.3 
2.0 32.1 20.3 13.0 
3.0 31.8 19.9 12.6 
5.0 31.5 19.8 12.5 
19.0 31.1 Ik) 2/ 12.3 
29.0 39.2 19.6 9.9 


PERMITTIVITY OF INSULATING MATERIALS 
a ( SS EEE ee 


Cambric (varnished) 


Hi Dern BOE MALY aoe 2.5 olen. has ie oid «] 


UDeESCNODN i Olluse tserxs terete orate 


Glass (crown) 


Glassm hes vayp iin) iarcc ce ie acts ne sea he + ise 


(Grit Perc baerermicta set es eae cistern 
Lead stearate 
Lead palmitate 
Lead oleate 


Oil (linseed) 
Oil (transil) 


IBA DOD GUY) arti cities ea ckele iene ts 
Paper (paraffined) 
Paper (oiled) 


Paraffine 


wires) '@, a1 60 sty euap) 018 6 (e 


Mile) eye, eye's) ee) (p\ 048 bie. 6) 62, 80% 16, 2 


Piolo el inte!) af e) 6. oe ce, 8 ae Se; 6) e/a) 10) 0 6L.0 


Permittivity 


Specific gravity 


2-44 
4-14 


4-15 to 5-14 


3-14 to 4 


5.2 
5.2 


0.95 
0.8to0.9 


a 
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Permittivity orf InsuLATING MATERIALS.—Continued 

Permittivity Specific gravity 

Pressboard. (Oirya) Rane saree > acter | 3 1.25 
Pekcloyapiisl (GUGCON noe cogoe mokono po aoe 4to 6 1.40 
BOrcelaitns aati tere als nee errors 4-144to5 2.4 
Rub bere (Hard) ewer ck cise orereke re ome at 3 
Rubbers (vuleamized)e. eee ee 2-16 
Shellacaqan mes omens eee ie 3 
SLU coli d Pacens oor cols lomo baie tar Ose e Deke 4 
W.oods\(treated artes a ce ee ee 3 to 3-% 0.8 to 0.9 


CompaRATIVE INSULATION STRENGTH FOR HicH FREQUENCY, IMPULSE, 
OSCILLATION AND 60-cycLE VOLTAGES 


Temperature 30 deg. C. 


60 Cycles 


High frequency 
(alternator), 
| 90,000 cycles 


Damped oscilla- 
tion, train freq. 
120 sec., 200,000 


Single impulse, 

sine shape, cor- 

respcnding to 
half cycle of 


Thickness, 
mm. 


Layers 


| eycles 200,000 eycle 
Inst. | 1 min. | Inst. | 1 min. ||. Inst. | 1 min. || 
| | | 
kv./mm. kv./mm. | kv./mm. | kvy./mm. 
(max.) | (max. ) || (max.) (max.) | 
| 


Transil Oil between Flat Terminals—Square Edge. 


0.25-em. Space 


2.5-em. Diameter, 


17 6.7 | 30 39 | 

} \| 

Oiled Pressboard. 10-cm. Diameter—Square-edge Dises in Oil 
35.5 | 31.0 9.5 C3 37.0 29.0 72.0 Fea | 
39.5 | 37.0 6.1 4.1 42.0 pi a8 Ih ee ok eg 5.0 || 2 
Pees A vevvefl By 6 UP GT, 78 le cco ay cle Oe «each Geen oe Ne Sami 

Varnished Cambric 
| | 

53.0 | 46.5 | 19.5 17.6 | sh eae ae | 108.0 0.0 2 
42.0 | 31.0 1) 18.5 10.0 1 55.0 | 56.0 78.0 1.5 || 6 
37.0 | 28.0 || 10.0 | 7,3 || 49.0 |'41.0°|)°°70.0~ | 2.5/8 
SAO OeSS naeane Sade ! 41.0 | 30.5 | 60.0 | 3.6 |/12 
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Energy Loss in Solid Insulation—In general, energy loss in 
solid insulation: 

1. Increases with increasing voltage. 

2. Increases with increasing temperature. 

3. Increases with increasing frequency. 

4. Increases with increasing moisture content. 

5. Increases with increasing impurities, as occluded air, ete. 


4 ] 


‘ Coo ELH sia 
24 Cot 


| 
H 


20 350/44 (ali mah HH t 

2 . 1 {|_| 

Of ictscusaassssaserseeraseriaré : 
‘aa 


tts per cu.cm, 
chet acter 
a 
Vv 
ms 
i) 


al 


04 10 : ara 
.02 ~ z 


= 


0 1 2 3 4 5 6 i 8 9 10 
Kilovolts per mm. 


Fra. 191.—Insulation loss and power factor at 60 ~. 
(Oiled pressboard 5.0 mm. thick between parallel plates with rounded edges 
in oil. Curves 1, 2, 3, 4, watts per cubic centimeter. Curves 5, 6, 7, 8, power 
factor.) 


.20 20 
1s 18 — 
16816 
gd 14 easels 


Se 

5.12212 TT 

Sof adcegencsueaseeseeuenecsss: 
2.104, 10 tT CI at ca wac’ ileal 


ia 

= nao ' 

$ +08 38.0 = iatie 

ae i % 

E .06 56.0 ct Seth? + 
04 4.0 +14 hes +) 
.02 2.0 2 Se Een 

s % 10 20 30 40 50 60 70 80 90 © 100 


Temperature- Degrees Cent. 


Fic. 192.—Insulation loss and power factor vs. temperature at 60 ~. 
(Data, Fig. 191.) 


For good uniform insulation free from foreign material, mois- 
ture, etc., the loss at constant temperature and frequency varies 
approximately as the square of the applied voltage. The author 
has found that approximately for good insulations 

p = afe? = bfg? X 10-® watts per cubic centimeter, 
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where f = frequency in cycles per second 

g = gradient kilovolt per millimeter effective 

b = constant varies with different insulations. It is 8 to 
10 for varnished cambric in a uniform field, and thickness in 


order of 5 mm. (25° C.). 
With occluded air or water, where the J?r loss becomes large 


in comparison with the hysteresis loss, the rate of increase is 
greater. Due to combinations of resistance and capacity, it 
may then take the form! p = bfg? + (cf’g? + ag’). Figure 191 
shows characteristic curves between energy loss, power factor, 
and voltage of insulation in good condition. 

The loss increases very rapidly with temperature. The tem- 
perature curves are shown in Fig. 192. Loss in different insula- 
tions is given in Table LX XVII. 


Taste LXXVII.—Insuxnation LossEs 
(Effective Sine Wave 60 Cycles) 


Total i 
ara Insulation Pes ies Shcceer bate 
mm. ; ares! cu. em. 
4.0 Varnished cloth 15 25 4,000 0.005 
6,000 0.015 
8,000 0.035 
10,000 0.060 
12,000 0.090 
4.0 Varnished cloth 15 90 4,000 0.025 
6,000 0.075 
8,000 0.150 
10,000 0.240 
12,000 0.350 
2.5 Oil-treated paper 30 25 10,000 0.040 
14,000 0.070 
2.5 Oil-treated paper 30 60 10,000 0.043 
14,000 0.080 
2.5 \Oil-treated paper 30 90 10,000 0.050 
14,000 0.100 
2.5 (Oil-treated paper 30 120 10,000 0.067 
14,000 0.138 


dition of the insulation, 

The increase of loss with frequency is shown in Table LX XVIII. 
The rate of increase of the loss with the frequency will vary 
greatly if the insulation contains moisture. If the moisture is 

1See Fig. 184. 
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Taste LXXVIII.—Hieu Frequency Loss 1x DIrrerEn? INSULATIONS 
(Alexanderson, Proc. Inst. Radio Engrs., June, 1914) 


Material (thickness 5 mm.) 


Volts per | Frequency Glass Mica ee Asbestos 

mm. kiloeycle 
; Loss Loss Loss . Lose 

ae satin] sre (ots) ave | mat) See [ele | ore 
500 209 WO Ulta oes OPOD eet ae peelings Oo 7s eee 
500 40 O05) 1A OF OS 1S) | OFOS aaa) Le evens ete 
500 60 On OStergoaee ORO 5s errs Do iy See I! PHO eda ne 
500 80 OST On08 Laan ce Oe Salers cleemece 32.0 
1000 20 COLOR. (OF deer tte oat | aera BO sinus 
1000 40 0.20) 1.4 9 1 2P Oe SO SZ Once, S|) ee Mle crete 
1000 60 OSS Die x cece O24. Bice OA Drone lon eanO 
1000 80 | OG4.0 eee sO KOO smi ORO Sai eee nieces eee 


arranged in such a way as to approximate a condenser and resist- 
ance in series, as in Fig. 184, the loss may, over a limited range, 
increase approximately as the square of the frequency. If the 
insulation is in good condition, the loss may increase approxi- 
mately directly as the frequency. 


TH — 


Dielectric Loss-Kw. 
_ 


Dielectric Loss-Kw. 


10 20 30 

ee ote ial pee e Temperature Rise above 21°C. 
Fra. 193 (a).—Dielectric loss 2s. Fia. 193(b).— Dielectric loss vs. tem- 
voltage in a 2750 kv-a, 120 kv, 60 ~ __— perature in a 3750 kv-a, 120 kv. 60 ~ 


transformer. transformer at 100 kv. 


The best method of comparing different insulations is by 
measurement of losses. 

Figures 193(a) and 193(b) show characteristic transformer 
dielectric loss curves taken several years ago at various voltages 
and temperatures. Although the transformers used were of 
rather old design with comparatively high losses, the curves, in 
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general, show the relation of loss to voltage and temperature in 
actual apparatus. 

Operating Temperatures of Insulations——The maximum 
operating temperature of insulations is indefinite. For low- 
voltage apparatus, temperatures not high enough to cause direct 
electrical failure may cause mechanical failure in short periods 
by drying out the insulation, cracking, ete. The maximum safe 
temperature, at which the life is not greatly shortened mechan- 
ically by cracking, drying out, etc., varies with different insula- 
tions, but is approximately as follows: 


Fibrous materials, cloth, varnish, ete... ..25..00s.2..25--+-«s 100° C. 
Asbestos, mica and similar materials, in combination with binders’ 

VEPDISHY GC pee Mee erry ais om OTe Re oe ST eRe 150° C. 
Mica sasbestod——alom@s ..29sraeivacie oe con eee oe Ee very high. 


These values are given without consideration of the electrical 
effects. Often the electrical properties will limit the tempera- 


140 | 
130 - 
ae 2 
120 | we A) +r <ae= 13, 
110 <2 oe 
BS opr [RC 
> 100 | | be 39 
> 3 se | | 29 4 
3 90 aw, Tes ai } a 
2. ast f 
4 Ls = P| 15 3 No. of Layers, each 
= 70 7 ASe 1 2 23_tm1Dhi 
+0 
batt el | 
q 50 Z mi tebems 
40 | 
5 1.25 cm 
30 a5 
20 
10 Terminals be-l.cm.> 
0 
L 2 3 4 5 6 7 8 


Total Arcing Distance.-cm, 


Fia. 194.—Surface arc-over in oil. (Hendricks.) 


tures below these values. Heat conductivity must be considered 
in design, as well as the effect of sludging when insulations are in 
oil. 

Surface Leakage.—Strictly speaking, on clean dielectric sur- 
faces, appreciable leakage does not occur. What is generally 
termed ‘‘surface leakage” is a rupture of one dielectric at the 
surface of another dielectric by overflux concentration due to 
difference in permittivities, ete. For instance, on a porcelain 
insulator in air, the flux may be sufficiently concentrated at 
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portions of the surface to cause the air to rupture. The appear- 
ance is that of leakage over the porcelain surface. Surface 
leakage then is quite indefinite, and, for a given leakage distance, 
depends upon the position and shape of the electrodes, relative 
capacities of the materials, etc. (see Fig. 194). The effects of 
actual leakage and apparent leakage in air may be seen in Table 
LXXIX. In (1) the spark-over is given with the surface out. 
In (4) the decrease must be due to actual leakage as there is no 
flux concentration. In (2) and (3) flux concentration is balanced 
against increased surface. 

Solid Insulation Barriers in Oil.—Properly placed barriers of 
solid insulation in oil greatly increase the strength of the oil spaces 


Taste LX XIX.—Surrace ARc-OVER IN AIR 


Effective 
kv. kv./em. 
a (1) 7.6 em. Air only between parallel 
as plates. Rounded edges 128.0 16.8 
Gabon 
“ir (2) 7.6 em. Over corrugated rubber cylin- 
> ‘ der between above plates. Surface 
Kod oiled 94.0 12.4 
! Surface dry . 87.0 11.4 
4, 
as 
5 1 
r<-5cem,-> ; 
(3) Corrugated rubber cylinder between 
ie above plates. Surface oiled 109.0 14.3 
a's Surface dry 89.0 117 
CMe 
—>| 2.5 Ke ‘ 
} CMe, 
id (4) Smooth rubber cylinder between above 
yees plates. Oiled surface 122.0 16.0 
i Surface dry 62.0 8.0 
18.8 cml 


Nors.—Maximum possible kv. arc-over 128. Data shows that although 
corrugations increase stress, actual gain is made by their use by reduction 
of true leakage. 
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by limiting the thickness of the oil, preventing moisture chains 
lining up, ete. This should always be considered in design. 
In placing barriers, however, the arrangement should be such 
that the stress on the oil is not increased by the higher permit- 
tivity of the solid insulation (see Case 1, page 312 for illustration 
of this principle). Data for a simple arrangement are given in 
Table LXXX. It will be noted that, in most cases, the strength 
is not greatly increased on account of difference of permittivity 
of oil and solid insulation. The reliability is much greater, 
however. 


TaBLE LX XX.—PRESSBOARD BARRIERS IN OIL 


Ky. 

Gap 0.24 cm. effective 
Oillonlty =e Serb aaike octet Ra care Sear Pee Coe oer uae ims 23.0 
1—0.08-cm. sheet of pressboard midway between electrodes...... 24.7 
1—0.08-cm. sheet of pressboard against one electrode............ 22.0 
Kv. 

Gap 0.40 cm. effective 
Oi only vaca co a ee ene ee oe ee eet ace ee oe rere eee 35.3 
2—0.08-cm. sheets of pressboard against one electrode........... 36.5 
Kv. 

Gap 0.56 em. effective 
Oil only 53.9 
3—0.08-cm. sheets of pressboard against one electrode........... 44.0 
Ky. 

Gap 1.16 cm. effective 
OU. OM Yc. visw. 2 a ianate ane arate ava GhepeP eee lazer ore TOTTI Rc ene an 96.0 
1—0.08-cm. sheet of pressboard 0.1 em. from each terminal...... 95.3 
1—0.08-cm. sheet of pressboard 0.33 em. from each terminal..... 102.0 
2—0.08-cm. sheet of pressboard at midpoint...................- 88.5 
1—0.08-cm. sheet of pressboard on each terminal................ 94.5 


Strength of pressboard—0.08 em., 15 kv.; 0.16 em., 28 kv. 

Terminals 6 cm, in diameter, rounded with a 3-cm. radius at the edges. 

Impregnation.—Solid insulations built up from paper or cloth 
are subjected to a vacuum-drying process and then impregnation 
with oil, paraffin, or similar compound. The results are dielec- 
tries of greater strengths and permittivities. If the impregna- 
tion is improperly done, for instance, so as to leave oiled and 
unoiled spots, the dielectric strength may be less than the dry 
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paper alone. This is due to the difference in permittivities of 
the dry and oiled spots, which causes a concentration of stress on 
the electrically weak dry spots. 

Such impregnated insulations are used extensively in trans- 
formers, high-voltage bushings, cables, etc. In general, these 
insulations are provided for immersion in oil immediately after 
impregnation so as to allow no exposure to air or moisture. 
It is largely due to this drying, impregnation, and oil immersion 
process carefully done, that it is now possible to design internally 
contained apparatus in practical sizes that will withstand very 
high voltages. The most recent instance of this has been the 
development of the oil-filled paper-insulated underground cable, 
installations of which are successfully operating at three-phase 
voltages of 132,000 volts. 

Mechanical.—It is of great importance to arrange designs in 
such a way that local cracking or tearing is not caused by high 
localized mechanical stresses. This is especially so with porce- 
lain, as in the line insulators. Expansion of a metal pin, localized 
mechanical stress due to sharp corners, expansion of improper 
cement, ete., will cause gradual cracking of the porcelain. The 
so-called deterioration of line insulators is often caused in this way. 

Direct Current.—As the breakdown depends upon the maxi- 
mum point of the voltage wave, the direct-current puncture volt- 
age in air and oil is (1/2) or 1.41 times the sine wave alternating 
puncture voltage. In’air and oil there is very little loss with 
alternating current until the puncture voltage is reached. With 
solid insulation, losses occur with alternating current as soon as 
voltage is applied. In the time tests, the insulation is thus 
considerably weakened by heating. This applies especially to 
thick insulation. This causes decreasing breakdown voltages in 
the time tests as the frequency is increased. In certain insula- 
tions, the loss is very small for direct current. The gain for 
direct current in solid insulation in the time tests is thus greater 
than the 41 per cent. given above (see Appendix). 

Occluded Air.—Where careful work is not done, air films may 
be occluded in solid insulations. Such films are likely to break 
down and cause local heating, chemical action, and, finally, 
breakdown of the solid insulation. When such films are unavoid- 
able, the stress should be limited below the breakdown of air. 
The strength of such film is the same as between metal electrodes 
(see data Appendix, page 382). 


CHAPTER IX 
LIGHTNING 


Nature of Lightning.—Although the exact mechanism of 
charging a thunder cloud and the formation of the lightning 
stroke is not known, it can be explained in a general way. 

From the results of field tests, in which the charges on falling 
raindrops were measured and from laboratory studies of the 
effect of air currents on water drops, G. C. Simpson! has 
developed a theory of thunder-cloud formation that is accepted 
by many. This theory involves water drops being broken up by 
air currents, the drops becoming positively charged and the air 
negatively charged. During thunder storms, there are always 
large falling drops and upward air currents. Drops large enough 
to fall against such currents are very unstable and easily broken. 
Simpson suggests that the rising air currents carry the negative 
charges to the clouds above. The broken positive drops rise 
while small, but fall as they increase in size. When this process 
brings the different portions of a cloud up tosufficient potentials, 
discharges in the form of lightning strokes take place between 
them. ‘These strokes may be between clouds as well as within 
the same cloud and, in addition but less frequently, from cloud 
to earth. In this way, the upper regions of the cloud become 
negatively charged while the lower ones assume positive charges. 
Recent data seem to indicate, however, that most storm clouds 
are so charged that their upper portions ‘are positive while their 
lower are negative, just contrary to the polarities dictated by 
Simpson’s theory.?* Simpson has recently advanced a further 
theory* wherein he differentiates between the physical shape of a 
positive and negative stroke. In addition he states that the 
negative discharges are less frequent but much more intense than 
the positive ones. The distinct difference between the corona 


‘Simpson, G. C., Phil. Trans. Roy. Soc., A—209, 1909. 

* ScHonuanp, B. F. J., Proc. Roy. Soc., 118, p. 233, 1928. 

* Witson, C. T. R., Phil. Trans. Roy. Soc., A—221, 1920, Journal Frank. 
Inst., Vol. 208, p. 1, July, 1929. 

‘Simpson, G. C., Proc. Roy. Soc., A—111, 1926. 
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discharge from a positive and a negative needle point was dis- 
cussed in Chap. III. At higher voltages this dissimilarity per- 
sists and becomes quite marked at laboratory voltages of a 
million volts from ground.'!' From this, it would seem that a 
similar difference should exist in the physical nature of the dis- 
charges from the positive and negative poles of a cloud, as 
pointed out by Simpson. However, any attempt to differentiate 
between the polarity of strokes from their visible appearance 
alone would probably be very difficult in most cases due to the 
fact that a good deal of the discharge path and its branches are 
hidden from view. 

General Consideration of Lightning Theories.—The lightning 
discharge is really the electrical breakdown of a large natural 
condenser with the clouds, or clouds and earth as the plates, and 
the air as insulation. Although the charging takes place slowly 
in some such manner as described above, the discharge takes 
place very rapidly. The energy is moderate, but because of the 
rapidity of discharge, the power or rate at which the energy is 
dissipated may be millions of horse power. The electrical energy 
is dissipated as heat, light, sound and chemical energy. 

It is certain that a thunder cloud is formed by the separation of 
charges within it, but just how this occurs has not been definitely 
proven. When the field gradient at a certain point in a cloud 
becomes great enough, due either to an increased concentration 
of charge there, or to a.charged portion approaching closer to an 
oppositely charged region, or to ground, local breakdown starts. 
This breakdown could be initiated by stray ions in the atmosphere 
and would be assisted by any heating and photoelectric effect 
that might enter. The ionization process would be cumulative, 
and the breakdown streamer would grow as long as the rate of 
charge loss by recombination through the streamer channel and 
leakage was less than the rate of supply due to the local generation 
process or the movement of fresh charges from the outside. 

Just how far the streamer would grow and how much its con- 
ductivity would increase, would depend almost entirely on the 
amount of charge available. The process is similar to that 
occurring in the laboratory set-up used in studying the glow-spark- 
arc transition stages in an air gap breakdown. In this experiment 
the series-balancing impedance may be so adjusted as to regulate 
the flow of current in the breakdown and in that way govern its 

1Lusianan, J. T., Trans. A.J. E. E. p. 246, 1929. 
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voltage-current characteristics. With a low-current supply it 
may be held to the low-conductivity glow stage. When the 
current is allowed to increase, the discharge will gradually move 
nto the low-voltage are stage of high conductivity and assume a 
negative volt-ampere characteristic. 

In the same way the initiating breakdown process in the 
thunder cloud may not progress any farther than the high-voltage 
glow stage before the available charge has all been dissipated. 
However should the breakdown reach some sort of a corona- 
like stage of low-voltage characteristics, the field will be trans- 
ferred farther back into the charged regions due to the partial 
short-circuiting of the field by the low-voltage streamer. In 
that way, access is made to further charged positions of the 
cloud. In like manner, the other end of the streamer grows 
toward the opposite pole of the cloud, or to ground. If the 
accumulated and generated charge in the cloud is sufficient 
to supply the losses until the growing breakdown process has 
completely bridged the gap between opposite poles of the cloud 
or between one pole and ground, then the complete sudden 
collapse of the electrostatic field will take place. For this reason 
the preliminary stages of breakdown may take many seconds 
while the final complete breakdown coincident with the collapse 
of the field and the sudden release of bound charges, may be a 
matter of a few microseconds. 

The inability of a portion of a cloud to continue to supply 
charge to the breakdown process at that point may result in the 
breakdown ceasing at the glow or possibly corona stage. This 
may account for the photographs of faint streamers and so-called 
“heat lightning” often obtained. 

In the progress of a lightning stroke, more than one streamer 
may proceed from the head of the channel as it advances. 
Should the conductivity of one increase more than the others due 
to its encountering a greater source of charge or improved ioniza- 
tion facilities, then it will alter the electrostatic field by tending 
to short-circuit it along its path. This will rob the other branches 
of the voltage gradients necessary for their maintenance and they 
will cease. This would account for the short preliminary stream- 
ers photographed as branching out from the main lightning 
discharge channel. This same effect is found in the laboratory 
photographs of “impulse corona” on spheres as discussed on 
page 149, Chap. V. 
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As stated above, the time of the building-up stage of a stroke 
may be very long. In its final stage, considerable ionization and 
charge movements have taken place so that in effect the outer 
sheet of the cloud may be assumed to simulate a conducting sur- 
face. Thus, although separate charges on water drops are the 
initial charge storage, by the time the full stroke has developed, 
the outside surface of the cloud near the stroke may be considered 
equivalent to a metallic sheet. (In the same way, a number of 
highly charged shot separated by small insulating spaces on a 
smooth insulating surface would have the effect of a conducting 
plane. Gradual breakdown by local ionization would serve to 
connect the shot and make complete discharge possible.) Very 
high-local voltage gradients may take place in the cloud with 
more or less uniform and moderate average gradients between 
clouds, or from cloud and earth. In effect, this may be compared 
with the laboratory set-up of two parallel planes with a short 
point attached to the center of one or both planes. When volt- 
age is applied, spark-over will occur at an average gradient of 
the order of 100 to 150 kv. per foot. Although very high-local 
gradients exist at the electrodes, the average gradient is impor- 
tant in engineering because it determines the induced voltage. 

Lightning Studies.—Lightning energy may appear on con- 
ducting objects by a direct hit or by induction. A transmis- 
sion line offers an ideal collector of lightning energy for study. 
The discussion that follows is the result of a study to determine 
the nature and characteristics of lightning and its effects on 
transmission lines, insulators, resistors, apparatus, etc. The 
general method followed has been to study lightning in the field 
and then go to the laboratory and attempt to reproduce the 
effects on models with a lightning generator. The work has 
progressed so far that it is now possible to express lightning 
characteristics in numerical values. A lightning generator of 
very high voltage has made possible the investigation of full-size 
apparatus, insulators, wood poles, etc. Wave shapes and volt- 
ages measured on transmission lines have been reproduced in the 
laboratory. 

The results of the study of the effects of transient and lightning 
voltage on spark-over together with a description of the lightning 
generator will be found in Chap. V and the practical application 
will be found in Chap. XI. 
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The Voltage and Energy of Lightning.—By measuring voltages 
induced on transmission lines, it is possible to determine the 
potential and polarity of the lightning flash itself. Induced 
lightning voltages of over 500,000 volts were measured by the 
author on lines in Colorado in 1907 and 1908 and during the past 
few years voltages up to 2,800,000 volts have been detected on 
lines by surge voltage recorders. In many cases, the values have 
been checked from records of 
simultaneous insulator flash- 
overs on the lines. 

In the laboratory, models 
were made to scale represent- 
ing a cloud and an insulated 
line for certain observed con- 
ditions. By means of the 
lightning generator, it was 
found that when a flash occur- 
red from a given model cloud, 
1 per cent. of its voltage was 
induced on the model line; 
but it was known by observa- 
tion that the voltage induced 
on an actual line, under similar 
conditions, was of the order of 
1,000,000. If this were 1 per 
cent. of the voltage of the 
actual lightning, the voltage of 
the flash must have been 
100,000,000 volts. This gives 

Fic. 195,—Natural lightning stroke of #0 average gradient of 100 kv. 

200,000,000 volts. per foot (330 kv. per meter) 

which is close to needle gap 

values of 150 kv. per foot (496 per meter)! and seems to be 

of the right order, although some variation may result. It is 

possible that higher instantaneous gradients may result near the 

path of the discharge. This value of 100 kv. per foot agrees 
with the gradients measured by others.? 

The energy at 100,000,000 volts is of the order of 4 kw.-hr., 
but may be much higher, while the current is of the order of 


‘Penk, F. W., Jr., “Lightning,” Jour. Frank. Inst., February, 1925. 
* NorinpeEr, H., Elec. World, Feb. 2, 1924. 
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100,000 amp. This value of current has been checked to some 
extent. For instance, in one case when a radio antenna was 
struck, a steel spring at one end of the antenna was just melted. 
Current time curves were then made on this spring by short 
circuiting a large generator through it. In another case, the 
current measured in a transmission tower struck by lightning 
was about 150,000 amp. 

Figure 195 shows a 200,000,000-volt lightning stroke 2000 ft. 
long measured at Pittsfield, Mass. 

The energy of lightning strokes must vary widely. The above 
value of 4 kw.-hr. is the energy stored in the field between a 
1000-ft. square cloud and earth at 100,000,000 volts, the cloud 
height being 1000 ft. For potentials of 200,000,000 volts, 
energies of the order of 10 kw.-hr. seem reasonable. (A break- 
down gradient of 100,000 volts per foot is assumed in the above 
estimates.) Going to the extreme, assume that it is possible for 
a 5000-ft. square, 5000-ft. high cloud to discharge to earth. 
The energy in the field in this case would be approximately 500 
kw.-hr. This seems to be a rather high figure when the com- 
paratively mild destructive effects of lightning are considered. 

How Induced Lightning Voltages Occur and Their Value.— 
In Fig. 196 is shown the electrostatic field beneath a negatively 
charged thunder cloud. A short well-insulated wire situated 
along an equipotential surface takes the potential of the space 
in which it is located-and becomes (+) on the side nearest the 
cloud and (—) on the side farthest from the cloud (Fig. 196(a)). 
When the cloud discharges, two charges on the wire go together 
and the potential of the wire becomes zero. It is sometimes 
possible for a spark to occur between insulated wires differently 
located in space, even though the cloud does not discharge. 
What is usually known as electrostatic induction, however, 
occurs as follows:! 

Assume the line wire in Fig. 196(b) to be poorly insulated or 
grounded, or to extend beyond the cloud as in 196(c). The 
negative charge leaks away. The wire, under the cloud, becomes 
positively charged, its potential remaining zero prior to lightning 
discharge. When the cloud discharges, the bound positive charge 
on the wire is released; which causes it to take a potential above 
ground with a sign opposite to that of the cloud. If the cloud 


1 Ppnx, F. W., Jr., “Progress in Lightning Research in the Field and in the 
Laboratory,” Trans. A.I.E.E., 1929. 
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discharge is instantaneous, the line at every point momentarily 
assumes a potential above ground equal to the line height times 
the voltage gradient there. The gradient depends upon the 
position of the cloud with respect to the wire. Figure 197 
shows a typical distribution of stress under a thunder cloud just 


+ + + + + + POE ee ae 
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Fic. 196.—Voltages induced by lightning. 


prior to discharge to earth. The maximum gradient that a line 
probably can experience is seen by Fig. 197 to be approximately 
100 kv. per foot (or 330 kv. per meter) which would occur 
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Kia. 197.—HElectrostatic field and potentials in space caused by charged cloud. 


directly beneath a cloud close to the discharge path. The value 
of induced voltage depends on the rate of cloud discharge and the 
original length and distribution of bound charge. In general, 
it may be expressed by the equation V = agh, where g = maxi- 
mum gradient (100 kv. per foot) h = height of line, and a = 
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reduction factor (= or < 1) depending on rate of cloud discharge 
and distribution of bound charge. This factor will be discussed 
more fully later (see page 267). The reason that the line 
takes the voltage of the equipotential surface in space that would 
result from the cloud field of the line were waves present is 
readily understood. The line becomes charged due to its position 
in space. The resulting field about the line, while the charge is 
bound, is due to the linear field of the cloud plus the field on the 
line due to gh. When the cloud discharges, the linear field 
disappears and the line must rapidly rise to voltage gh due to the 
charge. V = gh applies only when the discharge of the cloud is 
very rapid or when the line is shorter than the cloud. This 
follows because V = Q/c. If the bound charge Q has time to 
spread out over the line while it is being released by the discharge 
of the cloud, c becomes large and V small. The rate of travel 
of the released charge is approximately 1000 ft. per microsecond. 

Traveling Waves. Origin of Traveling Waves.—The distribu- 
tion of bound charge along the line varies from point to point, 
corresponding to the intensity of the electrostatic field of the 
cloud. When the cloud discharges, the bound charge is released 
at the same rate at which the cloud discharges and causes travel- 
ing waves of potential and current to be propagated in both 
directions. 

It is evident from symmetry considerations that the two sets 
of waves traveling away from the center of disturbance are 
exactly similar for a symmetrical bound charge, although this 
can be shown to be a mathematical consequence. Both the 
initial distribution of bound charge and the functional rate of 
cloud discharge probably vary over a wide range. General 
mathematical expressions involving infinite series and definite 
integrals have been derived for the traveling waves due to bound 
charges of any distribution and for cloud discharge rates follow- 
ing any law. The practical application of such a mathematical 
analysis is extremely limited, however, because the integrations 
can be performed for only a few very simple functions, and the 
infinite series converge so slowly as to require the use of a 
mechanical process of summation. 

A graphical method for determining the wave shapes corre- 
sponding to any arbitrary distribution of bound charge and rate 
of cloud discharge has been developed. This method is based 


1 Bewtey, L. V., Trans. A.J.H.E., 1929. 
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upon the justifiable assumption that line distortion and attenua- 
tion may be neglected during the formation process. Referring 
to Fig. 198, suppose that the initial bound charge is rectangular 
in shape and is released according to an exponential law of cloud 
discharge. This exponential curve may be replaced, for practical 
purposes, by a superimposed stepped curve, shown in the figure, 
so that the bound charge may be considered as being released by 
a series of jumps. When the time increments between steps 
are taken sufficiently small, the stepped curve approaches coinci- 
dence with the actual exponential curve. Each of these steps 


1.0 ee ee 
0.8 nee Spy ee ae ee en eee 
0.6 
04 
0.2 Pig en je ae 
0 at \atiat at at \at lot} 

Vail See eae Gia TS Te Distribution of Bound Charge 


Law of Bound Charge Release 
(or Rate of Cloud Discharge) 


Fria. 198.—Graphical method of determining shape of traveling wave with 
assumed bound-charge distribution and cloud-discharge rate. 


corresponds, then, to the instantaneous release of a definite part 
of the bound charge and gives rise to two exactly similar pairs 
of rectangular traveling potential and current waves proceeding in 
opposite directions from the center of disturbance. Thus, during 
the first time increment, one-half of block 1 has formed and 
moved out on the line a distance equal to the product of the 
time increment and velocity of propagation. Successive blocks 
are formed as progressive displacements in time and space, and 
their aggregate at any instant gives the space distribution at that 
instant. It will be noticed that the complete traveling waves 
cannot be superimposed in their relative space positions for 
periods of time less than it takes the cloud to discharge, because 


these waves are not fully developed until the end of the cloud 
discharge. 
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Figure 199 illustrates the formation of traveling waves from 
an initial peaked bound charge distributed over 2000 ft. of the line. 
The cloud is assumed to discharge exponentially in approximately 
1 microsecond. In this case, the maximum crest occurs at the 
center of disturbance, or axis of symmetry, but is only about 20 
per cent. greater than the crests of the traveling waves which are 
assumed to have suffered no attenuation. In general, as indi- 
cated before, the maximum crests during discharge and the 
crests of the traveling waves depend upon the initial distribution 
of bound charge and the rate of cloud discharge. This depend- 


_- Voltage in Per Cent of Value 
0~*' for Instantaneous Discharge 


-5000 -4000 -3000 -2000 ~-1000 0) +1000 +2000 +3000 +4000 +5000 


Feet Feet 


=02Ms. from beginning of Cloud Discharge (Rising) 
= a ” ” » » ” (4 Maximum) 


? 


Ss 
So 


6 » ns ” (Separating) 
» no» ” (Free Waves) 


(Ms. © Microseconds) 


Reg 
wih , 
ASD 
SON 
bot 


oO 


Per Cent Release 
of Bound Charge 
3 


0 05 10 15 
Ms 


Fria. 199.—Formation of traveling waves from peaked bound charge (2000 ft. 
long) released in 1 microsecond. 


ence is shown in Figs. 200 (a) and (6) for the case of rectangular 
distributions of bound charge and exponential discharge rates. 
In Fig. 200(a), @ is the reduction factor in the expression V = 
agh (see page 264) for determining the maximum crest voltage of 
the bound charge which occurs prior to separation of the charge 
into traveling waves. a in Fig. 200(b) is the reduction factor as 
applied to the same expression for the crest value of the traveling 
wave. 

In Fig. 201 have been plotted the actual calculated induced 
voltages on a typical transmission line for cloud lengths of 1000 
and 2000 ft. and time intervals of discharge up to 10 micro- 
seconds. These curves clearly indicate that high induced 
voltages are not possible with slow rates of cloud discharge. 
The curve data of Fig. 201 have been based on a maximum field 


268 DIELECTRIC PHENOMENA 


M.S.to oe 98 oe Cent 


Fie. 200.—Reduction factors indicating effect of bound-charge distribution 
and cloud-discharge rate on induced voltages. (a) Reduction factor, a, for 
maximum crest; (b) reduction factor, a’, for crest of traveling wave. 
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Fra, 201.—Maximum induced voltages on a typical transmission line for various 
bound charges and cloud discharge rates—line 40 ft. high. 
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gradient of 100 kv. per foot. At other portions of the cloud’s 
electrostatic field where the gradient would be less, the above 
voltages would be correspondingly decreased. 

Traveling Waves on a Line—A wave in moving along a line 
suffers a change due to distortion and attenuation. Distortion 
involves a change in shape due to the different rates of propaga- 
tion of the various harmonic components of the wave. Attenua- 
tion causes a general decrease in magnitude of the wave due to 
the diminishing amplitude of the harmonics incurred through 
corona and ohmic losses. 

When a traveling wave strikes a transition point at which 
there is an abrupt change in circuit constants, as an open- or 
short-circuited terminal, a transformer bank, or a junction with 
another line, a part of the wave is reflected back on to the line, 
and a part may proceed on to other parts of the circuit. The 
incident, reflected and transmitted waves, may be expressed 
mathematically. In fact, a general expression may be derived, 
as follows, which applies for all wave shapes striking transition 
points: Fig. 202(a) shows two lines joined by a concentrated 
impedance network consisting of a resistance R,, an inductance 
L,, and a capacitance C, in parallel. There are seven immediate 
special cases of this connection, by employing in different com- 
binations the limiting values R, = 0, Re = »,L,=0,L,= ~, 
C, = 0,andC, = «. Intheanalysis of the behavior of traveling 
waves at a transition point, the surge impedance of a connected 
line as Z. enters the equations for the reflected and transmitted 
waves in exactly the same way as an equal resistance to ground 
R, = Zo. Thus, Fig. 202(b) is the analytical equivalent to Fig. 
202(a) except that e’’ is then merely the potential at point (y) 
instead of a traveling transmitted wave originating at that point. 
There are again seven special cases immediately obtainable by 
applying limiting values to the constants. Now let R, = 0 and 
break R, up into the two resistances R’, and Rk”, in parallel, so 
that Fig. 202(c) results. Here again it is conversely permissible 
to replace one of the resistances to ground, say R’’., by the 
equivalent surge impedance of a line, 7”, = R’’., so that the 
conditions are then as shown in Fig. 202(d) and of this, there are 
also seven special cases. By these considerations, the equations 
which apply to Fig. 202(a) are directly reducible to a total of 
twenty-three subcombinations. For the more simple cases, 


1 Bew ey, L. V., Trans. A.J.E.E., 1929. 
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however, it sometimes is easier to derive the results from the 
differential equations than to reduce the general equation, due 
to the number of indeterminates involved, or to the necessity 
of transferring functions of imaginary quantities to functions of 
real quantities, ete. 


Line No./ 


Line No./ 


(d) 


Fic. 202.—Diagrams of various equivalent networks. 


Referring to Fig. 202(a), let the potential due to the incoming 
incident wave at point (x) be given as time function by 


e= E (e-* — e*) 


where the constants a, b, and FE are usually sufficient to define 
the crest, front, and tail of a characteristic traveling wave due 
to lightning. (Typical wave shapes expressed by this equation 
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are shown in Fig. 203.) The reflected wave at the point z is 
then given by 
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Fic. 203 Rae wave shapes as may be yar by equation: 
e = E(e* — e) 


where 
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The transmitted wave is 
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Thus e¢” and eé’ are of the same general form. Indeed, except 
for the outside coefficients (Z, — Z;) and 2Z,, the two equations 
are mutually convertible by an exchange of ) and y. 
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Figure 204 shows typical cases of calculated waves at various 
kinds of transition points. Figure 204(a) is that of the incident 
and reflected waves at the open end of a line. In this case, the 
current stops and the total energy becomes electrostatic so that 
the voltage must double. In Fig. 204(b), where the end of the 
line is closed by a resistance equal to the surge impedance of the 
line, there is no reflection. In the short-circuited line of Fig. 
204(c), there is a negative voltage reflection causing the resultant 
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Fia. 204.—Traveling waves (calculated) at typical transition points. 


end voltage to be zero. In Fig. 204(d), the effect on the reflected 
wave is shown when a gap spark-over near the crest of the wave 
short circuits the line. 

Figures 204(e) and 204(f) show the calculated waves involved 
when a surge strikes the line end network given. This circuit 
may be considered as equivalent to a spark gap shunting a 
transformer (of capacitance C,) having a choke coil (of inductance 
L,) in series. In Fig. 204(e) are given the various voltage waves 
when no gap spark-over takes place, for both square and sloping 
incident waves. Jn Fig. 204(f), the same waves are given for 
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the case when gap spark-over occurs on the front of the incident 
wave. 
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Fie. 204.—(Continued.) 


In Fig. 204(g), the decrease in voltage of a traveling wave 
passing through a section of line of lower surge impedance is 
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shown. This section may be one having added ground wires, or 
an underground cable. Figure 204(h) gives a similar case except 
that a gap spark-over occurs at the end of the section of decreased 
surge impedance. 

Oscillograph Records of Lightning, Lightning Waves, and 
Impulses Lightning Waves—By coupling the recording circuit 
of a cathode-ray oscillograph to a transmission line by means of 
an electrostatic potentiometer, and providing an extremely rapid 
self actuating circuit, oscillograms of lightning waves have been 
obtained.!. One wave recorded in this manner on a 220-kv. 


LIGHTNING GENERATOR | 
WA VE 


fa 
Time- Microseconds 


Fic. 205.—Comparison of natural lightning wave on transmission line as 
recorded by cathode-ray oscillograph, and artificial lightning wave recorded 
in same manner. 


line is shown in Fig. 205. The front of this wave reaches its 
maximum value in 5 microseconds, decreases to half value in 20 
microseconds, and reaches zero in 40 microseconds. The oscillat- 
ing ripple is apparently due to a local flashover and is not really 
part of the original wave. A reproduction of this surge by the 
laboratory lightning generator (see page 144) is also shown in 
Fig. 205. 

Cloud Discharge Waves.—Using the same method of recording 
but with the oscillograph coupled to a short antenna grounded 
through very high resistance, instead of a transmission line, 
records indicating rates of cloud discharge were secured. This 


| Peek, F. W., Jr., “Progress in Lightning Research in the Field and in the 
Laboratory,” A.J,E.E., 1929. 
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followed because a charge cannot move along a short line. 
Accordingly, the potential of the antenna must rise at a rate and 
to a magnitude dependent upon the collapse of the cloud field. 
The time for the antenna voltage wave to reach maximum is 
thus a measure of the time required for the cloud to discharge 
while the voltage divided by the height of the antenna is a 
measure of the gradient. Oscillograms obtained in this manner 
indicated, in some cases, times of cloud discharges of the order 
of 1 to 2 microseconds. In this case, the leakage resistances 
attached to the antenna were of 2,000,000 ohms.? 
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Fic. 206.—Cathode ray oscillogram of voltage wave, showing attenuation 
suffered in successive reflections from opposite ends of line. 


Artificial Traveling Waves.—Impulse waves from the laboratory 
lightning generator were imposed upon a transmission line, and 
oscillographic studies made of the attenuations and reflections 
incurred under various conditions.” In one case, a short wave 
was sent over the line and the voltage record obtained at the 
open-circuited far end. Figure 206 shows the oscillogram 
secured, which indicates the attenuation incurred by the wave 
in its successive reflections back and forth over the line. Figure 

1 Pegk, F. W., JR., ‘Progress in Lightning Research in the Field and in the 


Laboratory,” A.J.H#.E., 1929. 
2Ppex, F. W., Jr., “Lightning,” paper presented before World Eng. 


Congress, Tokyo, Japan, 1929. 
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207(a) shows one of the typical short chopped waves starting 
from its point of origin. In traveling the length of the line it 
was attenuated to 71 per cent. of its initial value. On reaching 
the open end of the line it was reflected to double voltage or to 
142 per cent. of its initial value as shown in Fig. 20:1 (b ee ies: 
gap is set at the far end with a lightning spark-over voltage of 96 
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Fig. 207.—Cathode ray oscillograms of waves on transmission lines: (a) 
Initial wave at sending end; (6) initial wave reflected to double voltage at open 
far end, after attenuation to 71 per cent.; (c) wave at far end chopped by gap 
set at 96 per cent. of sending voltage; (d) wave at far end chopped by gap set 
at 67 per cent. of sending voltage. : 


per cent. of the initial wave, then the voltage at the far end cannot 
rise above this value but is chopped at the 96 per cent. value as 
indicated in Fig. 207(c). Figure 207(d) shows the voltage wave 
chopped by a gap set at 67 per cent. of the initial voltage. 

That an ordinary moderate size transformer at the end of a 
line does not behave far differently from an open circuit is shown 
in Fig. 208. Here the difference in the reflected voltages at an 
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open circuit (Fig. 208(a)) and at a transformer (Fig. 208(b)) is 
seen to be only 2 per cent. 
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Frq. 208.—Cathode-ray oscillograms showing similar voltage waves striking 
(a) an open end, and (6) a transformer, 


When a wave strikes an inductance in series with the line, part 
is reflected back over the line and part passes through. et he 
latter part may cause very high voltages and oscillations if the 
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end is open or if it is closed by a transformer. The oscillations 
correspond to the natural period of the series inductance and the 
transformer capacitance. Figure 209(a) shows a wave that has 
struck an inductance after being chopped by an insulator spark- 
over to ground. Figure 209(b) is the voltage across a transformer 
caused by that part of the previous wave which passed through 
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Fic. 209.—Cathode-ray oscillograms showing effect of series inductance on 
traveling waves: (a) Wave chopped by insulator on striking inductance; (6) 
part of wave in (a) passing through inductance and causing oscillations at 
transformer; (c) wave chopped upon striking inductance by gap with series 
resistance; (d) voltage rise and oscillations across transformer caused by part 
of wave passing through inductance (wave with and without being chopped). 


the series inductance. An oscillation and an increase in voltage 
has resulted. Figure 209(c) shows a full wave striking an 
inductance. Figure 209(d) like Fig. 209(b) shows the voltage 
across a transformer caused by that part of the initial wave which 
passed through the series inductance. In Fig. 209(d), however, 
two cases are shown. In one case, the oscillations take place 
about axes lying above the zero axis as the tail of the original 
wave was sustained. In the other, the wave, on reaching the 
inductance, was cut off or chopped by a gap having a series resis- 
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Fie. 210.—Cathode-ray oscillograms showing oscillations due to wave longer 
than line: (a) Voltage at sending end; (b) voltage at receiving end, open; (c) 
voltage at sending end with needle gap spark-over at far end. 


280 DIELECTRIC PHENOMENA 


tance and the oscillation was quickly damped. In both cases, a 
rise in voltage occurred after the wave passed through the induc- 
tance. From this it is apparent that a series inductance or 
“choke coil’? not only affords no lightning protection but may 
introduce a hazard, a fact that was realized some time ago." 
Resistances of proper values placed in parallel with series induc- 
tances will prevent the latter from introducing dangerous over- 
voltages and oscillations when struck by incoming surges. For 
this reason, reactors used for power limiting purposes should be 
shunted with resistances of proper values to guard against all 
possible transients. (Compare Figs. 204 and 209.) 

Figure 210(a) is the voltage oscillogram at the sending end of 
a wave longer than the line. Figure 210(b) shows the voltage 
record of the same wave taken at the far end, which is open 
circuited. In Fig. 210(c) is given the voltage record at the 
sending end of the same line with a needle gap spark-over 
occurring at the far end. In this case, the sending end was 
shunted by a condenser. This causes an oscillation of lower 
frequency. (See Figs. 254, 255 and 256 for the effect of traveling 
waves on transformers. ) 

Surge Voltage Recorder Investigation of Lightning.—By 
means of surge voltage recorders or klydonographs (see page 
106, Chap. IV) located along transmission lines, it has been 
possible to determine the magnitude and polarity of induced 
lightning voltages and the subsequent traveling waves set up by 
them. The low voltage applied to the instruments themselves 
is obtained from a capacity potentiometer attached to the line, 
usually a shielded string of suspension insulator units. 

Considerable data have been gathered during the last few years 
on high-voltage lines in this way which has contributed to our 
understanding of lightning surges.2. In general, these field data 
have seemed to indicate that the higher-voltage surges have been 
caused by negative lightning flashes, although records have been 
secured indicating a few positive strokes of equally high intensi- 
ties. Some of the voltages measured were as high as 2,800,000 
volts. The records showed the lightning flashes themselves to be 
unidirectional or else highly damped. 

'“Effect of Transient Voltages on Dielectrics III,” F. W. Peek, Jr., 
Trans. A.I.E.E., 1923. 


* Paper by W. W. Lewis, and companion papers on surge measurements, 
Trans. A.J.E.E., p. 1111, 1928. 
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With instruments connected at frequent intervals along the 
lines investigated, it was possible to obtain the magnitude of 
each voltage surge as it progressed and, in that way, the rate of 
attenuation. As previously outlined, ohmic and corona losses 
are the principal cause of the dissipation of the energy of travel- 
ing waves. Consequently, attenuation would be pronounced 
at very high lightning voltages where corona losses would be 
excessive. Also, with surges of steep wave fronts, the skin 
effect would be enough to increase the ohmic losses considerably. 
Electromagnetic radiation losses are probably appreciable at 
steep waves, especially at points of reflection. 

As pointed out previously, Fig. 206 shows attenuation of a 
laboratory wave on a line. 

In the above lightning study on actual lines,! a very rapid 
attenuation was indicated for very high voltages which seemed 
to be approximated by the following equations due to Messrs. 
C. M. Foust and F. B. Menger: 
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A = —ke? 


in which 
e, = the initial voltage at the point where the surge originated 
k = a proportionality factor which is found empirically 
| = the distance in miles from the origin of the surge 
e = voltage at any distance 1 
A = the attenuation in kilovolts per mile 
The factor & for all the surges investigated has been found to be 
about 0.00016. 
These equations are used as follows: 
1. Assume the initial potential to be 2000 kv. Then at a 
distance 10 miles from the origin 


2000 


3 = 477 ky. 
(0.00016 X 10 X 2000) + 1 TT ky 


ée= 


The attenuation at the point of origin of the surge is 


A = —0.00016 * 2000? 
— 640 kv. per mi. 


2. If the initial surge was only 1000 kv. in magnitude, then 
the attenuation would be 
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—0.00016 X 1000? 
= —160 kv. per mi. 

General Character of Lightning Waves.—When the maximum 
voltage of the lightning impulse causing an insulator spark- 
over is measured by a sphere gap or surge-voltage recorder, and 
the 60-cycle spark-over voltage of the insulator is known, then 
the effective duration of the wave can be estimated. For 
example, the lightning spark-over of insulator strings measured 
on the 220-kv. lines of the Pennsylvania Power and Light 
Company were found to average about 2000 kv. The 60-cycle 
crest spark-over voltage was 1000 kv. for these insulators. 
This indicates an average impulse ratio of 2.0. The usual 
impulse ratios of spark-overs caused by natural lightning vary 
between 1.8 and 2. In a few cases impulse ratios as high as 2.7 
were obtained. Laboratory studies have shown that, for these 
values of impulse ratios, the effective duration varies from 1 to 
20 microseconds, where the effective duration is the time that 
the voltage is above half voltage or approximately the time above 
the 60-cycle spark-over voltage, since lightning waves have 
been found to have impulse ratios of the order of 2.0. 

The above does not mean that the lightning waves are always 
the same as the laboratory waves. In fact, many lightning 
flashovers of insulators probably occur on the rising front of a 
moderately steep wave giving the effective duration mentioned 
above. This is illustrated in Fig. 128(b). However, the effect 
is the same. Lightning waves must vary over a wide range. 
In fact oscillograms of natural lightning on lines frequently show 
waves with fronts varying from less than one microsecond to more 
than eight microseconds. Where the voltages are high enough 
to cause insulator flashovers, however, the waves must be steep 
or, in effect, of short duration. This follows because induced 
voltages cannot be high unless the cloud is discharged quite 
rapidly. Direct strokes must apply the voltage very rapidly. 

Spark-over values by actual lightning and by laboratory waves 
are shown in Fig. 123. These waves are of the same general 
order of the wave shown in the oscillogram of lightning in Fig. 
205. This wave was actually reproduced in the laboratory and 
used to test transformers, insulators, ete. 

The Ground Wire.—When a grounded conductor is placed 
near and parallel to a transmission line, the capacitance of the 
line to ground is increased. This reduces the potential to ground 


A 


I 
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of the bound charge left on the line upon cloud discharge. If 
the ground wire is placed above the transmission line, the 
lightning induced voltage is further reduced due to the shielding 
effect introduced, that is, the ground wire permits less of the 
electrostatic lines of the cloud field to terminate on the line wires. 
This reduces the initial bound charge on the wires. The ratio 
of the induced line voltage with a ground wire and without one 
is generally termed the “protective ratio.”” The most important 
reason for placing the ground wire on top is for protection against 
direct strokes. To cause the voltage reduction, the ground 
wire must be kept at zero potential by connections to ground at 
comparatively short intervals. Otherwise, it acts exactly as 
the line wires since all of the conductors are charged in the same 
way. 
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Fia. 211.—Lightning generator connections used in studying induced voltages 
on laboratory transmission lines. 

Most calculations of the protection afforded by ground wires 
from induced voltages have been made from a purely static 
standpoint. A complete solution requires consideration of all 
factors involved, namely, the distribution of bound charge, rate 
of cloud discharge, grounding conditions, etc. Careful con- 
sideration is necessary in all cases involving infrequent and 
irregular grounds. The action of corona in increasing the 
effective size of the conductor and the loss is also important. 

Laboratory tests were made with the lightning generator (see 
page 144 Chap. V) using model lines under model clouds, and 
measuring the induced voltages with and without ground wires 
in various arrangements. Figure 211 shows a diagram of the 
usual circuit connections. Figure 212 illustrates a typical model 
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set up for test, in this case to study the induced voltages on a 
line with varying heights of towers at a river crossing. The 
fact that the induced voltage depends upon the height of the 
line is readily shown by tests on such models. Some typical 
laboratory results obtained are given in Table LXXXI. These 
values have been checked by field tests on short full-sized lines. 
In Fig. 213 is given a diagrammatic method (by E. W. Boehne) 
of determining the protective ratio of any practical ground wire 
arrangement. The three charts shown are derived from labora- 


Fig. 212.—Typical laboratory cloud and transmission-line model for studying 
induced lightning voltages. 


tory data secured with the model lines alluded to above. A 
typical example is worked out on page 287 from Fig. 213, to 
show the use of the charts. The protective ratios as derived from 
these charts for given ground wire arrangements have been 
checked very closely by actual field data.12 

By increasing the capacity to ground of a line, the ground wire 
thereby lowers the surge impedance. This effect decreases the 
voltage of traveling waves, as shown in Fig. 204(g) and is made 


1 Hemstroet, J. G., Trans. A.J.E.E., p. 835, 1927. 
2 Sporn, Purp, Trans. AU.E.E., 1925, 1929, 
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use of particularly in protecting stations from incoming lightning 
waves on lines (see page 351). 

The tests on models show that it is important to “ground” 
the ground wire at every pole. When good grounds cannot be 
made the ground wire is not so effective. The tests further 
show that the effect is the same whether or not the neutral of 
the system is grounded or what the nature of the discharge is. 
It is believed desirable to have the ground wire either of non- 
magnetic material, or of a conductor with the outer surface of 
non-magnetic material. In general, as Fig. 213 shows, the nearer 
the ground wire is to the line conductor the more effective it is 
for induced voltages. With the same spacing to the conductor, 
the effectiveness increases with the height of the line. It is desir- 


Taste LXXXI.—Errect oF GROUND WIRES ON LIGHTNING-INDUCED 
VOLTAGES 
(From Tests on Models) 
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able to place the ground wire above the line conductors to protect 
against direct strokes as well as to increase the ‘“‘shielding”’ effect. 
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Fia. 213.—Ground-wire Chart. Diagrammatic method of determining pro- 
tective ratio of ground wires. 


The size of the ground wire should be approximately the size of the 
conductors. The effect of using several ground wires is shown 
in Table LXXXI. In addition to decreasing the induced 


LIGHTNING 287 


voltage, the ground wire reduces the energy induced on the line 
to about one-half, increases the corona losses of surges, and very 
greatly reduces the energy of direct hits by introducing a path 
to ground. In some cases it may be desirable to use two sets of 
ground wires, one near the conductors to limit induced voltages, 
and the other at a considerable distance above, to receive direct 
strokes, and conduct them to the grounded towers without 
involving the line conductors. 


Example of Use of Ground-wire Chart 


Given: Conductors No. 1, No. 2, No. 3 at effective height 
H = 35' (where H = height of conductors at towers minus one- 
half the sag of the wires between towers). Ground wires a 
and b, at distances h = 8.5’ and h; = 19’, respectively, and form- 
ing angles with conductor No. 1 of 45 degrees and 72 degrees, 
respectively, from the vertical. 

Problem: To determine the protective ratio of ground wires 
a and b on conductor No. 1. 


Solution: 
me) 


(a) e arin 24.2 per cent. is scaled on Chart III and laid 


off on Chart I at an angle of 45 degrees. This gives a protec- 
tive ratio of 0.44 for a on conductor No. 1. 

Similarly, 4 = a = 54.2 per cent. and gives a protective 
ratio of 0.54 for b on conductor No. 1. 

(b) Chart II shows the combined effect of a and b to be 0.32 
to which must be added an angular correction factor. 

(c) Curve III at 27 degrees gives the value 0.70 which is 
multiplied by the difference between the value found in (6) and 
the smaller value in (a), or 
(0.44 — 0.32) X 0.70 = 0.08 which is the correction factor due 

to angle of 27 degrees. 

0.32 + 0.08 = 0.40, the protective ratio of a and b on con- 

ductor No. 1. 

With no ground wires the estimated lightning voltage under worst 

conditions (see page 264) which can appear on conductor No. 

1 is 35 X 100 = 3500 kv. With a and 6 in the position shown, 
the voltage now becomes 35 X 100 X 0.40 = 1400 kv. 

Direct Lightning Strokes. Where Lightning Strikes and the 
Chances of Being Struck.—Research on models in the laboratory 
shows that the lightning from a cloud overhead does not always 
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strike the highest object or rod unless its height is 2.5 per cent. 
of the cloud height.1. The division of hits is about equal between 
rod and ground when the rod is 1.1 per cent. of cloud height. 
This all assumes the cloud as being directly overhead (see Fig. 
214). The chance of the rod being hit is less when the cloud is 
not directly overhead. Lightning either strikes a rod or some 
distance away. Roughly, there is a protected area around the 
rod where no ground hits occur with a radius usually equal to 
about four or less times the height of the rod, over a wide range 
of conditions. The ratio of this radius to the rod height has 
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Fiq. 214.—Division of laboratory lightning hits between rod and ground with 
different rod heights. 


been termed the protective ratio. For a flat surface, with pro 
jections, it is better to speak of a protected space or volume 
which is that enclosed by a cone with its apex at the top of the 
rod and the radius of its base equal to the protective radius, as 
previously defined. Where the height of the rod or tower 
affording the protection is appreciable compared to the cloud 
height, the surface of the cone should be that as generated by the 
are of a circle rather than a straight line. The radius of the 
circle would be equal to the lowest probable cloud height, and its 
center would be so located as to have the are pass through the 
rod tip and be tangent to the mean ground level. The use of a 
straight-surfaced cone of protection is usually justified with low 
rods (less than 200 ft. in height). As will be discussed later, a 
building or other object to be protected must not extend above 


‘ Peek, F, W., Jr., “Lightning,” Jour. Frank. Inst., February, 1925. 


LIGHTNING 289 


this cone. The protective radius has been determined by 
placing the rod or rods on a paper target and recording the hits 
by the marks on the paper. This study has been made with the 
cloud directly over the rod and with the cloud some distance 
away from the rod; clouds of different forms varying from points 
to spheres and flat plates have been used; the voltages used 
were (+) and (—) direct current, and impulses, and 60 cycles 
alternating current, always with the same general result, given 
in Fig. 215.2 There is, however, one important factor that 
affects the protective ratio—that is, cloud height compared 
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Fig. 215.—Curves showing relation between Rp (ratio of protected radius 
to rod height, or protective ratio), and R, (ratio of cloud height to rod height). 
Calculated curve not to be used. See also Fig. 267, page 397. 


to rod height. When the cloud is high compared to the rod, 
the protective ratio may be four or more. As the cloud 
height is decreased, the protective ratio becomes less. Its 
minimum value is one when the rod and the cloud are the same 
height. The value of four is generally reached when the cloud 
is ten times the height of the rod. The direct-current tests were 
made up to about 350 ky. above ground. An interesting fact 
about the direct-current test is that the rod is most effective when 
the cloud is negative. This seems to be due to the fact that 
corona from a positive point is of much greater length and 
intensity than that from a negative point (see page 103, Chap. 
IV). Consequently, a positive point or rod under a negative 
cloud would have much greater directive effect in guiding down- 


1 Perk, F. W., Jr., “Lightning,” Trans. A.J.E.E., p. 1131, 1926, 
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ward strokes to it, and, therefore, have greater protective value 
than if the cloud were positive. For a (+) cloud, the protective 
ratio of four is reached for a higher value of cloud rod ratio than 
ten, in fact, about twenty. 

Tests were also made with wires under the cloud. Either the 
wire is hit or the ground some distance away. For a single wire, 
the ground is never hit nearer the plane of projection of the wire 
than about four times its height above ground. 

A similar test was made on parallel ground wires. It was 
found that the ground between the wires was never hit when the 
separation of the wires was not greater than about four times 
their height. Both these ratios would apply for a cloud rod 
ratio of ten. The variation of the protective ratio with cloud 
height is given in Fig. 215 for rods. The laboratory tests also 
show that a ground wire over a transmission line is struck 98 
per cent. of the time, while the conductors are struck the other 
2 per cent. This is an important factor in favor of the ground 
wire. 

Tests similar to the single-rod tests were made with three or 
four rods symmetrically arranged about a circle or with four rods 
on the axes of an ellipse. It was found that the area inside of 
the circles or ellipses was protected from direct hits if the heights 
of the rods were such that their protective circles overlapped, 
the radii of these circles being determined from Fig. 215. All 
projections within the area must lie below the surface of the so- 
called protective cones described above, the dimensions of these 
cones being fixed by the heights and locations of the rods. 

Another interesting test showed that a hit can never occur 
within a circular tank when the height of the tank is greater 
than one-tenth its diameter. 

Protection of Buildings, Oil Tanks, Magazines, Ete—The 
principles already discussed can be applied to the protection of 
buildings, oil tanks, magazines, ete. While complete protection 
is usually impracticable from the standpoint of cost or other 
reasons, the hazard can generally be greatly reduced or almost 
removed by protective means. In some cases, the protection 
to be provided must take care of both direct strokes and induced 
sparks, while, in others, but one of these factors enters. 
Although the most severe lightning effects are caused by direct 
strokes, it is necessary, in order that the stroke may take place 
at a given spot, that the cloud be directly overhead at the 
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instant it is charged to sufficient voltage for discharge to earth. 
Consequently voltages by direct strokes are much less likely to 
take place than induced voltages, as the latter merely require 
the collapse of electrostatic fields which may occur with any 
storm within a radius of several miles, and with intercloud 
discharges as well as those to earth. 

Protection from Direct Strokes—In cases of tall buildings, 
chimneys, steeples, ete., in exposed areas where it is impractical 
to prevent direct hits, means for receiving these strokes are 
usually provided in the form of lightning rods placed on these 
structures. These rods must then have ample connections to 
ground for carrying the large current of a stroke, without any 
dangerous local heating or sparking in their circuits. The 
conductor or conductors from rod to ground should at least have 
a conductivity equivalent to a No. 00 solid copper wire (0.365 
in. in diameter).! 

In order to secure as complete protection as practicable from 
direct strokes for oil tanks, magazines, ete., high rods or towers 
around the structures or horizontal overhead conductors must 
be provided. As a rule, rods are preferable to overhead con- 
ductors, for unless the latter are very high and of large con- 
ductivity, there is the danger of secondary flashes to the structure 
below. 

Considerable laboratory work has been carried out with models 
built to seale, particularly in connection with oil tank protection.’ 
From this it was determined that a rod will protect all structures 
lying beneath a cone whose apex is the point of the rod and 
whose radius is equal to the protective radius of the rod, as 
discussed previously on page 289 (also, see Fig. 215). Figure 
216 shows this principle as applied to an oil tank. In this 
way, any structure or group of structures can be protected from 
direct hits by rods or towers so arranged that their protective 
cones cover every portion not to be struck. The heights of the 
rods to be used vary with the cloud heights anticipated, as out- 
lined previously (see Fig. 215), and they may be increased to 
give any added factor of safety desired. The above assumes 
all objects concerned to be on more or less level ground, as extra 


1“‘Code For Protection Against Lightning” —Miscellaneous Publication 


of Bureau of Standards, No. 92. 
2 Punk, F. W., Jr., “Lightning, A Study of Lightning Rods and Cages 
with Special Reference to the Protection of Oil Tanks,” Trans. AJ.E.E., 


p. 1131, 1926. 
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precautions and consideration obviously must be given to oil 
tanks and the like situated on steep slopes. In such cases, the 
simplest rule to follow is to have the rods of such heights and 
locations that storm clouds coming in from any direction will 
always be considerably closer to some rod than any portion of the 
object to be protected. 

In order to avoid sideflashes it is desirable that all rods be placed 
at a distance equal to their height from the objects being protected. 
Also their number and location should be such that all possible direc- 

Typical Layout Typical Layout 


ie Dots (o)denote grounded rods. g 
Arcs show area protected 


i pear (S22) 


Section Showing Rod 
and Adjacent Tank Wall Protective Cone. All objects to be protected 
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Y= Height of Roof Peak 

hh Height of Rod above Root Peak 

H =Total Rod Height 

D=Djstance from Rod to Inner Tank Wall 
A= Protective Ratio x Height of Rod 


Fig. 216.—Method of protecting oil tanks from direct lightning strokes. 


tions of storm approach are guarded. For example, this would 
require three equally spaced rods for a circular tank or building, 
and four for a square or rectangular structure. 

Protection from Induced Voltages.—Electrostatically induced 
sparks may occur without cloud discharge between isolated 
conducting parts either metallic or liquid. Induced sparks are, 
however, usually caused on the collapse of a field with cloud dis- 
charge, in which case the bound charges so released (see page 
263) encounter high-impedance paths to ground and set up local 
sparking. 

Electromagnetic induction could create sparks as a result of 
heavy currents caused by direct strokes near-by, although such 
instances would probably be rare. 
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The danger from induced sparks only arises with the presence 
of explosive gas mixtures, readily ignitable materials, ete. If 
these cannot be avoided, the obvious remedy is to seek to shield 
the structure or container to as great an extent as practicable in 
order to reduce the movement of charges within to a minimum. 
Complete metal tanks, or structures entirely covered with metal, 
will provide complete solutions of the problem, but care should 
be taken in these cases that there be no poor electrical contacts 
between plates, and that no pipes or leads be brought in from 
the outside without making good contacts with the metal 
covering. 

In lieu of a complete metal structure, some protection will be 
afforded by a metal cage. The danger from induced voltages 
will be reduced, the smaller the mesh of the cage and the more 
completely it covers the structure. Table LX XXII gives the 
results of laboratory lightning tests with models to ascertain the 
degree of protection given by cages.! These tests indicated that 


TasBLteE LXXXII.—ReEpuctTIon or InDucED VOLTAGES ON MopEL TANKS 
BY MBANS OF OVERHEAD NETS OR CAGES 


| Actual induced 
Size of | | voltage in per- 
mesh eee aaaee oe Position of mesh telco ee OLSED centage of voltage 
used, in. ae | ee hele induced on un- 
| | protected tank 
Cage or net 21 in. square 
His «Bla call GES OE Rao eae No protection 41.4 100 
\y 1.0 Over top and 
| around sides 0(+) O(+ 
2 1.0 | Over top and 
around sides 3.2 8 
2 1.0 Around sides 
| only 2057 50 
2 10 | Over top only Gua 14.8 
2 al) _ Over top only 5.5 13.3 
2 2.0 _ Over top only Bell 12.3 
2 4.0 | Over top only 5.9 14.3 
2 8.0 | Over top only 7.4 17.9 
Net, 36 in. square over top only 
2 | 1.0 | id Roe eS tare | 2.4 | 5.8 
oe es ee Sa 
Diameter of tank, 17 in. Cloud height, 44.5 in. 
Height of tank, 6 in. Cloud voltage, 372 ky. 


1 Scnarrrer, E. R., Trans. AJ.H.E., p. 174, 1928. 
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sparking is possible even with cages of comparatively small mesh. 
Particular care should be taken with structures so protected 
that all metal parts be well connected e-ectrically. Sparks may 
oceur between puddles on roofs or on roofs made of partly 
conducting material. 

Summary.—The safest arrangement for providing protection 
would be a completely covered metal structure, the metal being 
of ample thickness and well connected, so as to take care of direct 
strokes to it. A more practical arrangement would probably 
be a combination of rods or towers for receiving the direct hits 
and a thin metal roof and sides to eliminate induced voltages. 
Wire or mesh on or above the roof as an alternative to a complete 
metal covering would reduce the induced voltages somewhat, 
dependent on the size of mesh used. 

Explanation of Some Peculiar Effects.—Figure 217 illustrates 
one instance in practice where actual lightning strokes have 
checked laboratory protective tests made with models. In 
this particular case, though at first sight the results seemed 
contradictory, it was later determined that all points struck were 
outside of the protecting areas of the higher buildings near-by. 

The following experiment seems to explain some peculiar 
effects noted in practice. If a high wooden rod and a shorter 
metal rod are placed close together under a storm center, the 
metal rod is always struck. The wooden rod has no effect. 
If the wooden rod is dampened so that it becomes a conductor 
of high resistance, it is struck in preference to the metal rod. 
There is an immediate side flash, however, from the wood to the 
shorter metal rod. When the wood is made decidedly con- 
ducting, it acts like a metal rod and the discharge follows down 
its surface. The explanation is quite simple: The high resistance 
wood was conducting enough to carry the small charging current 
and thus determine the direction of the stroke. As soon as it 
was hit, however, its resistance was too high to carry the light- 
ning current; it thus side-flashed to the rod. This explains why 
it is dangerous to stand under a tree; why chimneys are struck 
with disastrous side flashes; why wooden flag poles are struck 
and splintered. It also shows why a lightning rod up to the 
chimney top does not increase the hazard of being struck and, in 
case of a direct hit, carries the current and prevents destruction. 

Other peculiar occurrences are explained: Assume a tall, dry, 
wooden church steeple and a clump of trees lower than the 
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teeple. A tree is struck and, about half way down, the tree is 
very badly shattered and blown apart. An examination shows 
that the lightning flash missed the high church steeple and 
appears to have struck underneath the branches of the tree. 


Ny 
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; Woolworth and Royal Buildings 
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Park Row’ Building 
Building 
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Distance in teet 
Fig. 217.—Example of acttal protection from direct hits afforded buildings 
by other nearby buildings. 


A simple explanation is as follows: The church steeple was too 
dry to influence the field. The tree was conducting enough to 
determine the path of the discharge and the top, sappy branches 
were able to conduct it. The trunk of the tree was too dry to 
carry the current and caused the tree to split. Such results were 
shown on a model. 


CHAPTER X 


PRACTICAL CORONA CALCULATIONS FOR 
TRANSMISSION LINES 


Summary of Various Factors Affecting Corona.—lIf{ potential is 
applied between the conductors of a transmission line and gradu- 


Fia, 218.—Corona at 230 ky. Line A, 3/0 cable, 310 cm. (122 in.) spacing. 


ally increased, a point is reached when wattmeters placed in the 

circuit begin to read. The watt loss is low at first but increases 

with increasing voltages. At the point where the meters begin 
296 
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to read, a hissing noise is heard, and if it is quite dark, localized 
streamers and glow points can be noticed at spots on the con- 
ductors. These first streamers are caused by dirt and irregulari- 
ties. The watt increase is still gradual. Slowly raising the 
voltage, the true visual critical corona point is finally reached. 
The effect is striking; corona suddenly jumps out, as it were, all 
along the line (see Fig. 218). The line immediately becomes 


17 a 17 
16 | a | ie =H = 16 
80 15 L 15 
28 14 14 
.26 13 13 
<4 12 i 12 
22 oil , a 
§ .20 $10 a 47 $10 es 
teal a 
5.1849 1 29 
: 3 i 3 ev 
2 16 = 8 e > j a e 8 2 
2.427 Sy + $7 = 
Hae 3/4 a S 
8.12 6 nae ¢ ral 
i} J ° 
4.10 5 SaP 4 re 
OSh eal my 4 5 
06 3 8 5 
04 2 2 = 
Oza at 1 [ 
0 0 . E 
BSR 832 S8ER823HR8 2SR28 SE RRR 3 
Effective Kilo-Volts Between Lines Effective Kilo-Volts Between Lines 
Fie. 219.—Characteristic corona loss, Fra. 220.—Loss near the critical 
current, and power factor curves. voltage of new and old cables. 
(Line A. Conductor length, 109,500 (Data Fig. 219. Line calcu- 


em. (total). Spacing,310cm. Diameter, lated. x,newcable. 0, weathered 
1.18 cm. (3/0 cable). Temp., 12°C. cable.) 
Bar., 75.) 


very noisy and the loss increases very rapidly with increasing 
voltage. The intensity of the light also increases with increasing 
voltage. If one is close to the conductors, an odor of ozone and 
nitrous oxide, the result of chemical action on the air, is noticed. 
There is, thus, heat, chemical action, light, and sound in the 
process of corona formation. These, naturally, all mean energy 
loss. 

It becomes of great importance in the design of high-voltage 
transmission lines to know the various factors which affect the 
corona formation, and to have simple working formule for pre- 
determining the corona characteristics, so that the corona loss 


will not be excessive. 
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Loss begins at some critical voltage, which depends upon the 
size and spacing of the line conductors, altitudes, etc., and 
increases very rapidly above this voltage. Figures 219 and 220 
show typical corona loss curves during fair weather. 

An extensive investigation (see Chap. VI) on an experimental 
transmission line (see Fig. 221) has shown that the corona loss in 
fair weather is expressed by the equation: 


p = a(f + c)(e — é)? 


Fic. 221,—Experimental transmission line, 


where p = loss in kilowatts per kilometer length of single-line 
conductor 

effective value of the voltage between the line con- 
ductors and neutral in kilovolts! 

frequency 

a constant = 25 


a 


f 


c 


II 


and a is given by the equation 
a= : /7/s 
where ry = radius of conductor in centimeters 
8 the distance between conductor and return con- 
ductor in centimeters 


' Hence, in single-phase circuits, e is one-half the voltage between con- 
ductors. In three-phase circuits, e is 1/+/3 times the voltage between 
conductors. 


ll 
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& 
II 


density of the air, referred to the density at 25° C. 
and 76 cm. barometer as unity 
A =a constant = 241 
@ = the effective disruptive critical voltage to neutral, and 
is given by the equation 

€o = mgr log. s/r kv. to neutral! 


where g, is the disruptive gradient of air in kilovolts per centi- 
meter at 25°C. and 76 cm. barometer, and is constant for all 
practical transmission line sizes of conductor frequencies, etc. 
For very small conductors gz is used (see pages 187, 192, 193). 


go = 21.1 kv. per centimeter (effective) 

m, is a constant depending upon the surface condition of 
the conductions, and is 

mo = 1 for perfectly smooth polished wire 

m. = 0.98 to 0.93 for roughened or weathered wires, and 
decreases to 

m, = 0.87 to 0.83 for seven-strand cables (where the radius 
is taken as the outer radius of the cable) 


An investigation by the author has shown that for new cables 
up to 2.5 em. (1 in.) in diameter the irregularity factor is approxi- 
mately the same for 19-, 37-, and 61-strand cables (concentric 
lay). Under the above condition 


m. = 0.80 to 0.87 


depending upon the surface condition of the cable. It probably. 
improves somewhat with use, as the abrasions become oxidized 
away. For new cables it is generally near 0.80. 

With special types of cables values as low as 0.70 were 
obtained. 

Seven-strand cables in the large sizes are undesirable since the 
large wires become mutilated and the irregularity factor becomes 
low. 

Although in the above investigation with 19, 37, and 61 
strands there was no great difference in the loss, the measure- 
ments were slightly in favor of 37 strands. It seems inadvisable 
to use a stranding that would make the individual conductor too 
small compared to the cable diameter. 

1Hence, in single-phase circuits, e is one-half the voltage between con- 
ductors. In the three-phase circuits, e is 1/+/3 times the voltage between 
conductors. 
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Luminosity of the air surrounding the line conductors does not 
begin at the disruptive critical voltage e. but at a higher voltage é,, 
the visual critical voltage. The visual critical voltage e, is much 
higher for small conductors than the disruptive critical voltage e.; 
it is also higher for large conductors, but to a less extent. For 
very small conductors eq replaces e, (see page 192). 

On perfectly smooth conductors no appreciable loss of power 
should occur below the visual voltage, e,. Some loss does occur, 
however, due to irregularities of the wire surface, dirt, etc., as 
indicated by visible brush discharges, and local corona streamers 
(see page 195). 

As the loss between e, and e, depends upon dirt, roughened 
condition of the wire surface, etc., it is unstable and variable and 
changes as the surface of the conductors changes. For the larger 
sizes of stranded transmission conductors in practice, the surface 
is generally such that the loss approximately follows the quadratic 
law, even between e, and e,. This is shown by the circles in 
Fig. 220 which are measured points on a weathered conductor. 
The crosses indicate how the points come on a new conductor. 
For a small conductor, the difference between the calculated and 
measured losses on the section of the curve between e, and e, 
is still greater. Above e, the curves coincide and follow the 
quadratic law. In practice it is rarely admissible to operate 
above the e, voltage.t Cases are known in which conductors 
have deteriorated by the action of nitric acid formed by exces- 
sive brush discharge. 

It is interesting to note that the loss below e, actually follows 
the probability curve 

p1 = Geer 
(see page 196). 

The corona loss is: 

(a) A loss proportional to the frequency f plus a small constant 
loss. 

(b) Proportional to the square of the excess voltage above the 
disruptive critical voltage e,. 

(c) Proportional to the conductor radius r and log s/r. The 
critical voltage thus increases very rapidly with increasing r 
and to a less extent with spacing. 


‘Operation at e voltage at high altitudes gives relatively greater margin 
and less loss than at sea level as there is greater difference between ey and Co. 
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The disruptive critical voltage e, is the voltage at which the 
disruptive voltage gradient of the air is reached at the conductor 
surface. Hence it is: 

(a) Proportional to the conductor radius r and log. s/r. The 
critical voltage thus increases very rapidly with increasing r 
and to a much less extent with increasing s. 

(b) Proportional to the air density or becomes very low at 
high altitudes. 

(c) Dependent somewhat on the conditions of the conductor 
surface, as represented by m. 

The effects at various atmospheric conditions and storms on 
the critical voltage and loss will now be considered. 

(a) Humidity has no effect on the critical voltage. 

(b) Smoke lowers the critical 
voltage and increases the loss. 


(c) Heavy winds have no | | | 
effect on the loss or critical % lolteles 
voltage at ordinary commercial - ae: | 
frequencies. 12} Sy | | 

(d) Fog lowers the critical 2" AY | dost | 
voltage and increases the loss. ae 4 fe vene at 

(e) Sleet on the wires, or fall- E £ ae ao, 
ing sleet, lowers the critical g ‘ noau =a aq 
voltage and increases the loss. : ale ms 
High voltages do noteliminate  «|—— T “ 
sleet formation. ; ine | ane 

1 


(f) Rain storms lower the 
critical voltage and increase the 


loss. o-Volts Effective 

(9) Snow storms lower the Fia. 222.—Comparison of fair weather 
critical voltage and increase the and storm loss. 
loss. 


(h) At high altitudes the loss is very much greater on a given 
conductor, at a given voltage, than it is at sea level. For a given 
voltage larger conductors must be used at high altitudes. 

Figure 222 shows a typical loss curve during storm and a corre- 
sponding fair weather curve. 

The above are all discussed in detail in Chap. VI. 

Practical Corona Formule and Their Application.—The for- 
mule required for the determination of the corona characteristics 
of transmission lines are 
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METRIC UNITS 


Disruptive Critical Voliage 
€, = 21.1m, 76 log. s/r kv. to neutral (35) 


Power Loss 
_ 241 _ . vetq-s KW- per km. of single 4 
5 + 25)V'r/s(e — ¢s)*10-* conductor Ce 
Pe the conductors are small use formule (34a), (35a), 
and (36), Chap. VI. 
Visual Critical Voltage 


ep 21, Imaor( 1 4+ = 7) log. s/r kv. to neutral (20) 


_ 3.926 
~ 2734+ 
where 
= effective kilovolts to neutral applied to the line! 
= air density factor 
= 1 at 25°C., 76 cm. barometer 
b = barometric pressure in centimeters 
t 
if 


ao & 


= temperature in degrees Centigrade 

= radius of conductor, centimeters 

spacing between conductor centers in centimeters 
f = frequency cycles per second 


I 


For approximating storm loss consider e, = 0.8 of fair weather 
value in formula (35). 
Trregularity Factors 
m. = 1 for polished wires 
= 0.98 — 0.93 for roughened or weathered wires 
= 0.87 — 0.83 for seven-strand cables 
m, = m, for polished wire = 1 
m, = 0.72 for local corona all along cable 
m, = 0.82 for decided corona all along cable 


ENGLISH UNITS 
Disruptive Critical Voltage 
= 123m.r6 logig s/r kv. to neutral (35’) 
Power Loss 


r = GE O5)\/ alee lus kw. of single conductor (34’) 
: ; per mile 


'e = volts between line times 1/+/3 for three-phase lines and volts 
between line times 14 for single-phase or two-phase lines. 
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Where the conductors are small use formule (84a), (85a) and 
36, Chap. VI. . 
Visual Critical Voltage 


0.18% 
& = 123m, or(1 + JE) logio s/r kv. to neutral (20’) 
. 


ae SE 
459 + ¢ 
where 
e = effective kilovolts to neutral applied to the line! 


14 q 
“CCCP 
=+ i= 
Se Pere ER) [ a 5 
3.08 em tot Sa 
2 oof | LEI ao 
a | =i | Peay ae 
a | | Tt | 
od + cai 9 
02 a ct . A 
0 
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Fie. 223. Fig. 224, 


a 
| 


= air density factor 
= 1 at 77°F. and 29.9 in. barometer 

b = barometric pressure in inches 

t = temperature in degrees Fahrenheit 

r = radius of conductor, inches 

s = distance between conductor centers in inches 

f = frequency, cycles per second 

80 
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A!titude-Feet Altitwde-Meters 
Fie. 225.—Approximate barometric readings at different altitudes. 


1¢ = volts between line times 1/+/3 for three-phase lines and volts 
between line times 14 for single-phase or two-phase lines. 
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Figures 223 and 224 give values of /r/s and log s/r, respec- 
tively. In Fig. 225 is plotted atmospheric pressure against 
altitude. 

In order to illustrate the use of the formule, the following 
practical example is taken: 


EXAMPLE 

Given: 
(hhrecep tase: tire eaten oe 5 ok 60 cycles 
LGW OU set aero ot Ate eae ed 100 miles 
Spacitig e hot ape veneer ae 120 in. 
Conductors... 4-5) cA nos Shan wat. cn) 1/0 eable—diam. 0:374:in- 
Max’ temperature. 2 aoe OU 
Hlewationeee essed eae cae ee 1000 ft. 
Barometer (from Fig. 172)........ 28.85 in. 

120 A 
Then Si 0187 ~ 642 


logio 8/r = 2.81 (from Fig. 171 or tables) 
/r/s = 0.0394 (from Fig. 170 or calculated) 
17.50 O17 oe os ee 
weer Tok ye WY LOVE SG ga es 
lide. = OST 


€> = 123m.ré6 logio s/r = 123 X 0.87 X 0.187 X 0.925 X 2.81 (35’) 
= 52.0 kv. to neutral 
390 —- 

i = (f + 25)+/r/s(e — e,)210-5 (34’) 


= 0.014(e — 52.0)? kw. per mile of single conductor 
Since there are three conductors: 
p = 0.042(e — 52.0)? kw. per mile of three-phase line 
The conductor (100°F., 1000 ft. elevation) would glow at 


é, = 123m, or (1 + oe) logio s/r = 62.6 kv. to neutral (20’) 
V/ br 
or 62.6 X 1.73 = 108.3 kv. between lines 
More decidedly at 
71.3 X 1.73 = 123.4 kv. between lines 


The visual corona cannot be observed except on a very dark 
cloudy night. 
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To show the effect of altitude, the characteristics of the same 
line are calculated for 10,000 ft. elevation and tabulated in Table 
LXXXIII. At this altitude 

p = 0.0599(e — 36.8)? kw. per mile of three-phase line 
€> = 36.8 kv. to neutral. 
(my = 0.72) 81.5 kv. local. 
Visual corona between lines 


(m, = 0.82) 92.7 kv. decided 


Taste LXXXIII.—Corona Loss av Dirrerent OpreratiInG VOLTAGES 


Kw. per mile and total in 100 miles 
1000 ft. elevation 10,000 ft. elevation 
Ky. bet.| Kv. to 
lines) (neutral e) © 2It weather Storms Fair weather Storms 
Pp per p per p per p per 
mile, |100 miles} mile, {100 miles} mile, |100 miles} mile, |100 miles 
3 cond. 3 cond. 3 cond. 3 cond. 
OM MELO) reer | Stapet nag tet detect cll beware, active. A aie lnh astdae- «Wad dele ciliseee eases 
60 Ae Lm Cee eae Nite istene cell se keel nieciare once All os ste ua ovals rotons Tea 170 
PEC) MS Oss op lu ames Sil orale rsh OM see OM a. 5 de ae es 0.8 89 8.0 800 
80 A Occhi eeeeeetots linc nieherie: 2 0.9 90 5.4 540; 17.0, 1,700 
90 52.0 0.0 0 4.6 460 14.0) 1,400} 30.0) 3,000 
100 | 57.8 4 140 | 11.0} 1,100 | 26.0) 2,600} 48.0) 4,800 
110 63.6 Sot 570 | 20.0 | 2,000 | 438.0; 4,300] 70.0} 7,000 
120 69.4 | 13.0 1,800 | 33.0 | 3,300 | 63.0) 6,300} 96.0) 9,600 
130 75.1 | 22.0] 2,200 | 47.0} 4,700 | 88.0) 8,800 | 125.0; 12,500 
140 80.9 | 35.0} 3,500 | 65.0 | 6,500 | 116.0) 11,600 | 158.0) 15,800 
150 SGefefoleOs 0 LOOm 86.0 ) 8,600 | 149.0) 14,900 | 196.0) 19,600 


For approximating the storm loss consider 
éo = 0.80 per cent. of its value in fair weather. 
Then p = 0.042(e — 0.8 X 52.0)? = 0.042 (e — 41.6)? 


This will give an idea of the maximum storm loss; it assumes a storm 
over the whole line at the same time, a condition that is most unlikely to 
occur. The storm loss will also generally be less due to lower temperatures. 


The loss on a transmission line will vary from day to day 
depending upon the temperature and weather conditions. The 
above losses are calculated for summer temperature. For winter, 
the losses would be much lower. 

Methods of Increasing Size of Conductors.—The corona start- 
ing voltage is increased by increasing the diameter of the con- 
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ductor. Thus, with the same amount of copper, a hollow tube 
would give a higher corona voltage. 

For the same conductivity, an aluminum conductor has about 
a 25 per cent. greater diameter than a copper conductor and thus, 
approximately, 25 per cent. higher corona voltage. 

In order to increase still further the advantage of aluminum 
at the larger sizes and maintain ample strength, a steel-core 
aluminum cable has been adopted. To secure this same 
increased diameter effect with copper, the manufacturers of 
copper cables have, in general, now adopted the use of a hollow, 
stranded conductor, the center core being either a twisted I- 
beam, a spiral, or a flexible tube. 

The critical voltage may also be decreased by grouping together 
conductors of the same potential, but this generally is not 
practical on transmission lines. 

Conductors not Spaced in Equilateral Triangle.—In three- 
phase problems, it has been assumed that the conductors are 
arranged in an equilateral triangle. When the conductors are 
not spaced in an equilateral triangle but, as is often the case in 
practice, symmetrically in a plane, corona will start at a lower 
voltage on the center conductor, where the stress is greatest, 
than on the outside conductor. 

The actual critical voltage for the center conductor will be 
approximately 4 per cent. lower, and for the two outer conductors 
6 per cent. higher, than the value for the same s in the equi- 
lateral triangle arrangement. 

If a triangle is used where there is considerable difference 
between s1, ss, and s3, an exact calculation of the stress should be 
made. Such a calculation is quite complicated (see example 
Case 12, page 343). 

Voltage Change along Line.—For long lines, the voltage and, 
therefore, the corona loss will vary at different parts of the line 
(see page 197). This may be allowed for in a long line by 
calculating the loss per mile at a number of points. If a curve 
is plotted with these points as ordinates and length of line as 
abscissa, the average ordinate may be taken as the loss per mile. 
The area of the curve is the total loss. A line operating very 
near the corona voltage may have no loss at load, but when the 
load is taken off there may be considerable loss due to the rise in 
voltage. This may sometimes be advantageous in preventing a 
very large rise in voltage when the load is lost. Grounding one 
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conductor will also cause considerable loss on a line operating 
near the corona voltage by increasing the stress on the air at the 
conductor surface. 

Agreement of Calculated Losses and Measured Losses on 
Commercial Transmission Lines.—It is generally difficult to 
make an exact comparison, as, in most cases where losses have 
been measured on practical lines, all of the necessary data, such as 


Kilo- Watts Loss 
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Fie. 226. Fie. 227. 


Comparison.of calculated and measured losses. 


Fig. 226.—Leadville. Three phase. (Test made by Faccioli.) 1/0 
weathered cable. Spacing (flat) 124” (314 cm.). Diameter, 0.95 ecm. Length 
of line, 63.5 miles (one conductor). Temp., 11°C. Bar.,60 cm. Frequency, 
60—. Curve calculated. x measured. 

Fie. 227.—Outdoor experimental line. (Tests by A. B. Hendricks, Pitts- 
field, 1906.) Wire conductor. Diameter, 0.064’’ (radius 0.081 cm.). Spacing 
48”’ (1382 cm.). Length, about 800 ft. 6 = 0.97. 


temperature along line, barometric pressure, voltage rise at the 
end of line, etc., have not been recorded. A range of voltage 
extending considerably above e, is necessary to determine the 
curve. It is not generally possible to place such high voltages 
on practical lines. 

The several examples given are those in which it has been pos- 
sible to obtain sufficient data to make a comparison. In Fig. 
226 the drawn curve is calculated from the formule for the tem- 
perature, barometric conditions, etc., under which measurements 
were made. ‘The crosses represent the measured values. This 
agreement between measured and calculated losses is very inter- 
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esting, as it is for a long three-phase line at very high altitude. 
(Note that the greater part of the curve is below e,.) In Fig. 
227 are similar comparisons on a single-phase line at different 
frequencies. These measurements were made before corona was 
a factor in practical transmission. An exact agreement could not 
be expected, as the wave shape was not known and was probably 
not a true sine wave. Another rather interesting comparison is 
made in a publication describing the system of the Au Sable 
Electric Co.2 The line of No. 0 copper cable is 125 miles long. 
With 140 kv. at the generating end, the voltage at the far end is 
165 kv. Thus the loss per mile is greater at the far end than at 
the generating end. The average calculated loss per mile is 15 
kw. The actual average loss by preliminary rough measurements 
was 15 to 20 kw. per mile. The above examples are given to 
illustrate how well the formule may be applied in the prede- 
termination of the corona loss of commercial transmission lines.* 

Safe and Economical Voltages.—It will generally be found that 
it is not safe or economical to operate a line above the fair 
weather e, voltage (determined for average barometer and 
77°F.). The e, voltage gives a loss during storms of about 4.75 
kw. per mile in the problem considered, but it is not likely that 
the storm will extend over the whole line at one time. Storm 
during cold weather will cause much less loss than the above. 
It thus is generally more economical to pay for the storm loss 
during small parts of the year rather than to try to eliminate it 
by an excessive conductor. ; 

It is undesirable to operate the conductors above the glow 
point as there is likely to be considerable chemical action on the 
conductor surface. 

Excessive corona loss may introduce undesirable harmonics 
in voltage and current (see Figs. 88 and 89). It is not probable, 
however, that there will be serious harmonies or chemical action 
with economical loss. 

High-voltage Conductor Sizes as Determined by Corona.— 
Figures 228 and 229 give curves showing the corona starting 
voltages for typical copper and aluminum cables. The curves 
indicate the approximate voltages at which corona starts in fair 

‘Some of the first measurements on practical lines were made by Scott 


and Mershon, at high altitudes in Colorado. See A.J.E.E., 1898. 
PUN Hl eA OUNnG nl OLD, 


‘Punk, F. W., Jr., “Comparison of Calculated and Measured Corona 
Loss,” Trans. A.I.E.E., p. 169, 1915. 
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1.0 
0.9 
S where & =baromerric pressure 177 inches — 
a and t=femperature in degrees Fahrenheit 
Ff 0.8 
Vv 
ue 
Fe) barometric pressure 
O 07 (29.9 Mercury) 
g 0. 
(=) 
i 
< 
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(== — = 
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15,000 


Altitude in Feet 
Fic. 230.—Air density factor (5) as affected by altitude. 
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A straight line connecting the given temperature with the given 
barometric pressure intersects the center scale ata value equal to that 
of the air density factor (¢) at that temperature and pressure 


Fira, 231.—Alignment chart for determining air density factor (6). 
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weather, sea-level conditions (6 = 1), and assuming an irregu- 
larity factor (m,) of 0.87. For correction for altitude only, the 
factor to be applied may be obtained from Fig. 230. At other 
temperatures and pressures, the air density factor (6) should be 
taken from the alignment chart (Fig. 231). 


EXAMPLE 

For 3/0 copper cable, 10-ft. spacing, the limiting three-phase 

voltage for an altitude of 1200 ft. is 
118,000 X 6 = 118,000 X 0.95 = 112,000 volts 

The loss at this voltage for both stormy and fair weather should 
be very small. 

At 130,000 volts, the fair weather loss for this cable is 5 kw. 
per mile and the storm loss is 25 kw. per mile. 


At 160,000 volts, the fair weather loss is 36 kw. per mile and 
the storm loss is 75 kw. per mile. 


CHAPTER XI 


PRACTICAL CONSIDERATION IN THE DESIGN OF 
APPARATUS WHERE SOLID, LIQUID, AND GASEOUS 
INSULATIONS ENTER IN COMBINATION 


As important as the quality of the dielectric is the configuration 
of it and of the electrodes. It is also of importance in combining 
dielectrics of different permittivities to see that one does not 
weaken the other by causing unequal division of stress. It is 
possible to cause breakdown in apparatus by the addition of good 
insulation, dielectrically stronger than the original insulation. 
The theory of this was partly discussed in Chap. II, page 31. 


Pressboard 


Fia. 232.—Causing breakdown by the addition of insulation. 


Case 1. Breakdown Caused by the Addition of Stronger 
Insulation of Higher Permittivity—As an example take two 
parallel plates rounded at the edges and placed 2 em. apart in 
air, as in Fig. 232(a). 

(1) Apply 60 ky. (maximum) between the plates. The 
gradient then is 60/2 = 30 kv. per centimeter maximum (neglect- 

312 
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ing flux concentration at edges). As an average gradient of 31 
kv. per centimeter maximum is required to rupture air there is 
no breakdown. 

(2) Remove the voltage and insert between the plates a sheet 
of pressboard 0.2 em. thick, as in Fig. 232(b). The constants 
of pressboard are 


k = 4 rupturing gradient = 175 kv. per centimeter maximum 


L, = 0:2 em. 
For air 


k = 1 rupturing gradient = 31 kv. per centimeter maximum 


Apply now the same voltage as before. The addition of the 
pressboard of higher permittivity has increased the capacity of 
the combination and, therefore, the total flux and the flux density 
inthe air. The gradient has also been increased. The combina- 
tion may be considered as two condensers in series. 

Where c; = capacity of air condenser, c. = capacity of press- 

_ board condenser; e; = voltage across the air condenser, ¢: = 
voltage across the pressboard condenser; the total flux is 


Y = C1€1 = C2€g 


BEAD mck 
“rR at Sots 
ky _ ke 
therefore, 2 a= r e2 
@=€2+ & 
beth, 
i 1 7 (e — é1) 
ky ke — kee 
ai(7 Ly rst 
koe 
lp likee 
= - == — = 58.4 
Ue ilu tafe Kale 4 heli 
eo = 60 — 584 = 16 
= é1 iy? koe 
91 1, ~ Kale + kel 
Then a 00 = 32.5 kv./cm. max. 


Ue ec oe a x18 


The air breaks down as g; is higher than the critical gradient, 
causing breakdown of air. As the broken down air is con- 
ducting, most of the applied voltage is placed on the pressboard. 
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Thus, after the air ruptures, the gradient on the pressboard is: 


g'2 = oe = 300 kv./cm. max. 


This is much greater than the rupturing gradient of pressboard 
and causes it to break down. The 2.0-cm. space, therefore, which 
is safe with air alone, is broken down by the addition of stronger 
insulating mater al of higher permittivity. The stresses on this 
combination could have been calculated directly from (16a), 
Chap. II. 

Another and convenient way of looking at this is as follows: 

volts 
flux resistance or elastance 


S is termed the elastance and is the reciprocal of permittance. 
The reciprocal of the permittivity is termed the elastivity. 
For the given electrode arrangement, S is proportional to the 
elastivity and the length, as long as lines of force are practically 
straight lines. Let the relative elastivities be 

Air = 1.0 

Pressboard = 0.25 
Let the absolute elastivity of the air be o., and introduce for 
the sake of abbreviation a = o./A, where A is the area. 

Then the elastances for the different circuits in the test are 


Blix = 


(a) Air (2 cm.) Sy = @X 2 oGi = 24 
(b) Pressboard (0.2 em.) S,p= aX 0.2 X 0.25 = 0.054 
(c) Air (1.8 em.) Sea=axX1isxXi = 1.86 


(d) 1.8em.air+0.2cm. pressboard S = S, + S, 1.85a 


Thus when there is only air in the gap 
60 30 
eek ewe 
When 0.2 cm. of air is removed and the same thickness of press- 
board added, the total elastance is less and the flux increases or 
Pts 60 32.5 
=) 1 85a ee 
The drop across the air is 
32. 
Yr X Sa = 92? x 1.850 = 58.4 ky. 
The drop across the pressboard is 


vo X Sp = = X 0.05a = 1.6 kv. 
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58.4 kv. is sufficient to cause 1.8 em. of air to break down. 
When the air breaks down the full 60 kv. appears across the 
pressboard which, in turn, breaks down. 

The case discussed above is an exaggerated example of condi- 
tions often met in practice. In many power stations little bluish 
needle-like discharges, called static, may be noticed around 
generator coils, bushings, etc. This static is simply overstressed 
or broken down air but, unlike Case 1, the solid dielectric is 
sufficiently thick so that very little 
extra stress is put uponit by the broken 
down air. Damage may be caused in 
the course of time, however, by local 
heating, chemical deterioration, ete: 

Case 2. Static or Corona on 
Generator Coils.—Consider the termi- 
nal coil of a 13,200-volt generator, 
insulated by 0.25 em. of built-up mica 
(k = 4), and 0.45 em. of varnished 
cambriec (k = 5). In the slot is an 
armor of 0.1-em. horn fiber (k = 2.5). 
In series with these is more or less air; 
assume 0.05 cm. for the purpose of this 
calculation. A section of the coil 
assembled in the machine is shown in Fig. 233. Th< stress on the 
air may be approximately found by assuming the conductors 
as one flat plate of a condenser, and the frame as the other. 


Then Kilovolts between lines 13.20 eff. 
Kilovolts to neutral 483) Gk 
Kilovolts to neutral 10.7 max. 


|_ varnished Cloth 


! Horn Fiber 


Fig. 233.—Cv.ivou4 on genera- 
tor coils. 
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Since the average disruptive strength of air is 31 kv. per centi- 
meter, it will break down, forming corona. Experience has 
shown that in time the corona eats away the insulation by 


= 44 kv./em. max. © 
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mechanical bombardment, local heating, and chemical action, 
and ultimately a short circuit results. 

Assume that the machine is operated at 8000 volts. The air 
is then stressed to 26.7 kv. per centimeter and corona does not 
form. Should one phase become grounded, however, the 
voltage of the other two above ground would become 8.0 kilo- 
volts instead of 4.62 kilovolts, the gradient on the air would rise 
to 46.3 kv. per centimeter and corona would result. Assume 
now that there are no grounds, but that the machine, which shows 
no corona at 8.0 kilovolts at sea level, is shipped to Denver. 
The altitude of Denver is approximately 5000 ft. The corre- 
sponding barometer is 24.5 in. (Fig. 225), and hence the relative 
air density at 25°C. is 0.82. At this density the disruptive 
strength of air is 0.82 X 30 = 25.5 ky. per centimeter. The air 
around the coils near the terminals having a gradient of 26.7 kv. 
per centimeter would glow. 

Corona on machine coils may be prevented by tightly covering 
the surface of the coil with a conductor, as tinfoil, and connecting 
the foil to the iron frame of the machine; this, in effect, short 
circuits the air space. Naturally, the foil should be slit in such a 
way as to prevent it from becoming a short-circuited turn by 
transformer action. The end of the foil should also be shielded 
to prevent overstress. 

Case 3. Overstressed Air in Entrance Bushings.—Assume 
that a 34-in. conductor, supplying power at 33 kv., enters a 
building through a 314-in. porcelain bushing having a 1-in. 
hole (see diagram Fig. 234). The voltage between the rod and 
the ground ring is 19 ky. The stress on the air at the surface 
of the rod is 


fa = OS hate ky, =1 
(icy = (0) aay. ke = 4 
R= 1.75. in, 
e 
Jatin = T R (17) 
log, a. log. re 
th, : 
17 iz + a 
“ 19 X 1.41 
(0.375 X 1) (28.138 re 8 ss) 


= 120 kv./in. 
or 47.5 kv./em. max. 
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To cause corona on a rod of this size a gradient 


9 = a i: EF) 


31(1 spe 0.3 
/ 0.375 X 2. za) 

= 40.5 kv./em. max. 
is necessary. Hence, in the case considered, there will be corona, 
and chemical action on the rod which will become coated with a 
green surface of copper nitrate. The obvious cure for this is to 
coat the inside of the porcelain shell with a conductor and con- 
nect it to the rod. 

Corona or static is often noticed where insulated cables 
come through a wall or bushing. For instance, three rubber 
covered cables may come through three bushings in a wall. If 
the voltage is high enough, a glow will appear around the rubber 
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Fie. 234.—Corona in bushing. 


in the air space inside the bushing. Ozone attacks rubber very 
rapidly. Such cables may soon be broken down by this simple 
cause. Such breakdowns are often ascribed to high frequency. 
The remedy is to short circuit the air space. In doing this by 
metal tubes slit lengthwise, to prevent eddy loss in the metal, 
care must be taken to bell the ends of the tube, otherwise the air 
will be stressed where the metal tube ends. The belled part 
may be filled with solid insulation. 

Case 4. Graded Cable.—Assume that three insulations are 
available, all of exactly the same dielectric strength, but of per- 
mittivities as follows: 


Insulation A, k = 5.4 
Insulation B, k = 3.6 
Insulation C, k = 2.0 
Rupturing gradient, g = 100 kv. per centimeter 


Assume that it is desired to insulate a 1.0-cm. wire using 1.75 
em. of insulation with an outside lead cover. The best way of 
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applying the insulation is so that each part is stressed in propor- 
tion to its respective strength. This ideal cable is impossible, 
but the more nearly this condition is realized the higher the 
voltage that may be applied to the cable without rupture. 

(a) Using insulation A alone the breakdown voltage is 

e = gr log, R/r = 75 kv. 
This is the same for either B or C alone. 

(b) Using insulation A next to the wire, then B, then C, with 
thickness 0.25 cm., 0.6 em., and 0.9 em., respectively, as in Fig. 
178(b), the rupturing voltage is 

é = 133 kv. 

(c) Using the insulations in the reverse order as in Fig. 178(c), 

the rupturing voltage is 


oT, 


NS 


w 
We 


75 kv 183 kv 63 kv 
a b - 
Fig. 235.—Graded cable. 


(a) Not graded. (b) Insulations properly arranged. (c) Insulations improperly 
arranged. Noted breakdown voltage in each case. 


Note that the area in Fig. 235(a), (b), and (c) represents the 
voltage, and, therefore, the rupturing voltage if the maximum 
g is the rupturing gradient. This example is given to show how 
important it is to properly arrange insulations. In general, the 
insulation of the highest permittivity should be placed where the 
field is densest. This applies not only to cables but all electrical 
apparatus. In spite of the fact that all of the above insulations 
had the same dielectric strength and the same total thickness, 
the rupturing voltages with the different arrangement were 133 
kv., 75 kv., and 63 kv., respectively (use equation (17)). 

Case 5. Bushing.—Other cases where the principle of put- 
ting insulation of high permittivity at points of dense field is 
shown are illustrated in Figs. 18 and 236. The solid insulation 
of the bushing in Fig. 18, page 35, because its contour follows the 
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lines of force, does not increase the stress on the air near it. 
It is, for that reason, much better than an insulator which has 
the insulation arranged in such a way that the stress on the air is 
increased in the denser part of the field. By inserting the high 
permittivity insulation in the dense fields at the rod, however, 
and cutting it away in the middle, a better arrangement is 
obtained (Fig. 236). In the zone between flux lines a and b, 
there is now the insulation of high permittivity and air of low 
permittivity in series in the same 

way as in the graded cable and with 

the same effect. In tests, the insula- 

tion of the type of Fig. 236 arced over 

at 18 per cent. higher voltage than 

that of Fig. 18 (of same overall dimen- ,,... . 
sions) though its air path was 6.5 coor 
per cent. shorter. 

In practice, it is generally neces- 
sary to add corrugations to increase 
the leakage path on account of dirt 
settling on the surface, etc. The 
ideal design is not always the best in 
practice. 

Case 6. Transformer Bushings.— 
One of the most common bushings is 
the oil filled type. In-the design of 
such a bushing two genera’ problems 
present themselves: The internal 4,, 036-Bushing. Rod and 
stress on the oil, which determines torus.? 
the puncture voltage; the external 
stress on the air, which determines the arc-over voltage. 

In the design of a bushing, however, the whole dielectric 
circuit must be considered at the same time. 

If the surface of the shell follows a line of force, the internal 
field does not cut the shell and cause flux concentration at points 
on the shell; the voltage per unit length of surface, however, is 
not constant with this condition unless the lines of force are 
approximately straight parallel lines. A bushing, when parallel 


1Fortescusg, Trans. A.J.H.E., p. 907, 1913. 
Wexrp, “Discussion,” Trans. A.I.E.E., p. 939, 1913. 
2 Figures 18 and 236 cannot represent practical leads as the rod and torus 
field is changed by the plane of the transformer case. 
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planes are approximated, theoretically, need not be over 2 in. 
high for a 100-kv. arc-over. This imposes a large diameter 
compared to length, and large well-rounded metal caps, etc. 
Such a bushing would arc-over with slightly dirty surfaces, mois- 
ture on surfaces, etc., at very low voltage. A practical bushing 
must generally be fairly long and corrugated (see Table LX XIX, 
page 255). 

Where the surface follows a curved line of force, the internal 
field still does not cut the surface and cause the so-called leakage 
by local flux concentration, but the gradient is not constant along 
this line of force. Local breakdowns precede spark-over. 

If the bushing surface does not follow a line of force, the lines 
from the outside pass through the shell to the inside. In this 
case, the shell should be so shaped that the stress is divided 
parallel to the surface and also perpendicular to the surface. 

In an improperly designed bushing of this sort, breakdown 
might occur at places along the surface, and at other points 
out from the surface. For instance, as an extreme case, it might 
be imagined that the surface of a bushing followed an equipo- 
tential surface. There would then be no stress in the direction 
of the surface, but breakdown would occur by the stress per- 
pendicular to the surfaces, as corona. Converse y, a condition 
might obtain which would cause greatest stress along the surface 
as when a line of force is followed. As the surface, due to dirt, 
etc., is generally weaker than the air, it is in most cases better 
not to have maximum stress along it (see Table LXXIX). In 
any case, the stress should be uniform, measured in either 
direction. Where the shells follow a line of force, the field is 
more readily approximated by experiment, or by calculation, than 
where the lines of force cut the shell, when flux refraction, etc., 
must be considered. The direction of the flux may be controlled 
by the arrangement of metal parts. The bushing problem is a 
space problem. 

In practice, it is generally necessary to add petticoats. These 
should be placed so as to produce the minimum disturbance in the 
field with minimum stress along their surfaces. 

Another type of bushing is the condenser bushing, built with 
the object of stressing all of the solid insulating material approxi- 
mately equally. It consists of a number of cylindrical condensers 
of equal thickness, but of unequal lengths, arranged in such a 
way as to make the several capacities equal (Fig. 237). If this 
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Fig. 237.—Condenser bushing. 
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Fia. 238.—Diagrammatie representation of flux, and capacities in condenser 
bushing. 
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were exactly the case, the voltages across the equal thicknesses 
of insulation and equal distances along with the surface would 
be equal. This condition is possible but not generally reached 
on account of the capacity of the condensers to ground, to the 
central rod, and to each other (Fig. 238); to secure equal division 
of voltage here (Fig. 237) it would be necessary to connect the 
condenser plates to proper sources of potential. The condition 
may be approached, however, to 
such a degree that a good 
practical bushing is the result 
when the insulating has been 
carefully done. A smaller di- 
ameter is obtained, but a greater 
length is required due to arcing 
distance in the air (7.e., to avoid 
ares of the nature of the heavy 
line, Fig. 237). The present 
practical form is a long thin bush- 
ing. (One disadvantage claimed 
is shown in the small sketch ac- 
companying Fig. 237.) Little 
flaws in various parts of the lead 


are lined up by the metal parts 

and put directly in series. The 

separation of the insulation by 

metal is, from another stand- 

~ point, anadvantage. A progress- 
Pi ing corona streamer is stopped 

on reaching the metal surface at 

Pak, Spies any layer. Concentration of flux 
(c) at the edges of the metal cylinder 


must also be taken care of. The 
Fia. 239.—Simple illustration of Condenser bushing is often 
flux control. arranged with a metal cap for 

flux control. 

Case 7. Dielectric Field Control by Metal Guard Rings, 
Shields, Etc.—It is sometimes practical to accomplish more with 
metal than by added insulation. In a case where the field is not 
uniform, but very much more dense at one point than at another, 
the flux may be made more uniform by relieving the dense por- 
tion and distributing over the less dense portion by a proper 
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arrangement of metal parts connected to a source of potential of 
the proper value. This is not always practical, as the necessary 
complicated potential connections often weaken the apparatus 
and make it much more liable to breakdown. 

As a simple example: Fig. 239 represents two spheres of unequal 
size in air, one at potential e the other at potential —e, or a 
voltage 2e between them. All the flux from A ends on B. The 
flux density at B is then much greater than at A and the air 
around B is very much more stressed than the air at the surface 
of A. The equipotential surface C may be covered with thin 
metal and no change takes place in the flux at A or B. If, how- 
ever, C is connected by a wire to B the flux around B disappears 


Fic. 240.—Entrance Fig. 241.—Making bushing shown in Fig. 240 opera- 
bushing. tive by flux control after lower part had broken off. 


and there is no stress on the dielectric at the surface of B. The 
total flux increases because of the greater capacity between A 
and C. The stress at A, due to increased flux density, increases, 
but it is still much less than the stress formerly at B, and a 
greater potential is required for spark-over. In other words, 
the insulation is more uniformly stressed and, therefore, working 
at greater efficiency. If, instead of surrounding B or completely 
shielding it, the sphere C be placed as in (c) and connected to B 
by a wire, the stress is relieved at B and increased at A. The 
distribution at B is again more uniform. 

An actual example where this principle was made use of in an 
emergency by the author is illustrated in Figs. 240 and 241. 
While making the early corona tests (see Chap. VI, page 169), 200 
ky. was carried through the roof of a shed by porcelain bushings. 
During a heavy wind storm, the roof was blown off and one 
bushing cracked as indicated by the jagged line. When the 
roof was replaced and an attempt made to put the bushing again 
into operation, it was found that bad arcing took place to the 
damp wood at 130 kv. As no extra bushings were immediately 
obtainable, and it was necessary to finish the experiments, the 
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expedient of field control was made use of. By hanging a metal 
torus made of a coil of wire on the rod, the work of about 15 
min., the bushing was made operative up to 200 kv. This was 
not as good as a new bushing, not the best sort of bushing, but 
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Fia, 242.—Typical voltage distribution curves on strings of suspension insulators. 


it was a means of making a defective bushing operative, and 
prevented a shutdown of a month or more. 

The effect of this shield is shown diagrammatically in Fig. 241. 
By moving the ring up and down the rod, a point of minimum 
flux density on the cracked surface of the porcelain is found. It 

better distributed the flux and 


ue ah ee reduced ee ee flux 
st mi density below the rupturing 

We scoseeee value. 
5 HOD Case 8. High-voltage Sus- 
. 7 sige —— — oz 0 pension Insulators.—When 
Nuriber oF Units insulators in series are sub- 


Fig. 243.—Voltage distribution on string jected to a voltage insufficient 
of ten suspension insulators. to produce appreciable corona 
or surface leakage, such as in normal line operation, the potential 
across the insulator units is not evenly distributed, the highest 
percentage being across the line unit. Figure 242 shows voltage 
distribution curves for typical strings, while Fig. 248 gives the 
percentage of applied voltage across each unit in a string of ten. 
Uniform distribution would put 10 per cent. across each unit as 
indicated by the dotted line. 
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The reason for the unequal voltage stresses across the unit is 
due to the irregular capacity distribution as shown diagram- 


matically in Fig. 244. Figure 245 
shows a corrected distribution by 
varying the internal capacities of the 
GHC, 1s units themselves along the string in 
e3ty Cz 
Begs! 
214, G 
ie Ge 
&t, C> 
ieee! Gt 
;| 


246 shows a method of doing this by 
metal caps on the units, but this is 
conducive to cascading. Another 
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Fig. 244.—Cause of uneven voltage distribution on insulator strings. The 
capacities to ground (Ci) cause an uneven current distribution through the 
insulator capacities (C2). 

Fig. 245.—Voltage distribution on string of ten insulators graded with metal 
caps (see Fig. 246). 


possible but impractical method is to use units of different designs 
and variable capacities in the same string. 


Fria. 246.—Suspension insulator string graded with caps or plates. 


The most practical method of securing uniform voltage distri- 
bution is by means of a large metal shield at the lineend. Figure 
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247 shows the effect of this in balancing the capacities to ground 

and Fig. 248 gives the curves of stress distribution over a twelve- 

unit string. Figure 249 shows a string with one of the early 
‘ forms of shields. 

The shield eliminates corona 
on the string and directs the are 
away from it. It does not in- 
crease the 60-cycle flashover volt- 
age because, as the voltage nears 


this breakdown value on a non- 


: | ae shielded string, the corona and 

leakage currents increase suf- 
an ficiently to automatically shield 
tome Roe and grade the string without 

Fig. 247.—Effect of insulator-string ay esas metal attachments. 

shield in eliminating effect of capacity A lightning impulse wave 
to ground. applied to an insulator string 
involves such a brief time that the corona and surface discharges 
cannot distribute properly the voltage stresses over the units, 
as takes place with slower voltage applications. Consequently, 
the shield must be depended upon to provide the grading in this 
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248.—Effect of grading shield on voltage distribution of twelve-unit 
insulator string. 


case and prevent abnormal voltages and early breakdown on the 
line units. In this way, the shield raises the lightning spark-over 
voltage. 

In addition to the actual increase in lightning voltage discussed 
above, there is also an apparent increase which is probably of 
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more importance. In laboratory flashover tests when the energy 
of the lightning generator is limited, it is necessary to apply a 
higher voltage to a shielded string to cause spark-over. This 
apparent increase in voltage may be of the order of 25 per cent. 
The extra voltage must be applied because of the energy dissi- 
pated by the barrel of corona between the edges of the rings (see 
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Fic. 249.—Insulator string shielded Fia. 250.—Dissipation of lightning 
with early form of grading shield. energy by corona on insulator shields. 


Fig. 250). The above order of gain has been observed when the 
energy available approximated that in an average span. This 
should be an approximate measure of the gain with the same 
shields in practice, since there is one string for each line per span. 
This energy dissipating effect by corona has been made use of 
by purposely designing grading rings of flat strap material in 
place of smooth surfaced pipes. Figure 251 shows such a 
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grading shield of recent design, applied to a standard suspension 
string. A lightning spark-over is occurring between rings. 

Probably the most, valuable function of the insulator shield 
is in preventing cascading of the string and consequent damage to 
the units by the arc. That shields prevent deterioration of the 
units through improved dis- 
tribution of voltage stresses 
is forcibly brought out in 
tests. In these it has been 
found that after a few light- 
ning spark-overs, insulator 
units fail in the nonshielded 
strings, while there are no 
failures in the shielded 
strings. 

The steeper the front of 
the impulse wave, the more 
difficult it is to prevent cas- 
eading. Consequently, the 
shields designed must be 
larger and more closely 
spaced. A shielding arrange- 
ment, so devised as to meet 
the worst conditions of 
lightning impulse in practice, 
may be such as to lower 
slightly the normal 60-cycle 
flashover of a string. This 
is no handicap, because the 

Fig. 251 Suspension insulator showing operating 60-cycle voltage 
cauipped with recent ype ofradingshisld never reaches flashover pro- 
lightning energy by corona, portions, and lightning surges 

having an impulse ratio of 
unity, and thus corresponding to 60-cycle waves, have never been 
observed in practice (see Chap. IX). The dry 60-cycle shielded 
spark-over voltage might be somewhat increased by using very 
large shield surfaces free from sharp ends and points. There can 
be no gain in practice in this way, however, because the large 
surfaces would be reduced to equivalent points under 60-cycle 
conditions when wet by the first raindrop. Laboratory tests have 
shown that lightning spark-over voltages are not affected by rain. 


SOLID, LIQUID, AND GASEOUS INSULATIONS 329 


In brief, the various functions of the grading shield in the 
order of their importance are: 


1. To prevent cascading of the string and damage to the 
insulator units. 

2. To secure improved voltage distribution and thus lessen 
deterioration of the units under both normal operating voltage 
and applied impulse surges. 

3. To increase the lightning spark-over voltage of the string. 

4. To eliminate corona and surface discharges on the insulator 
units. 

Case 9. Insulation of Transformers.—Figure 252 shows 
typical insulation designs for concentric and interleaved types 
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Fig. 252.—Cross-section diagrams of windings and insulation in moderate 


voltage power transformer. 


of transformers. The principal forms of solid insulation used are 
specially treated paper cylinders and flanged collars, and press- 
board barriers and collars. The need for the greatest dielectric 
strength and consequently the greatest design care enters in the 
insulation between the high-voltage and low-voltage windings, 
and between high-voltage winding and ground. In determining 
the relative amount of solid insulation and oil to resist puncture, 
a sufficient proportion of oil is used so that its maximum normal 
test stress will be well below its breakdown gradient. In addi- 
tion, enough solid insulation is inserted to withstand a certain 
overvoltage, even though the entire oil path fails. 

In order to minimize the danger of failure by creepage over 
insulation surfaces, all possible creepage paths are lengthened by 
extensions made to the collars, cylinders, and barriers. For the 
same purpose, flanged collars are provided at the ends of the 


330 DIELECTRIC PHENOMENA 


cylinders insulating the high-voltage winding as shown in Fig. 
252. As arule, the shortest creepage path over the solid insula- 
tion between two points is usually made from ten to twenty 
times the length of the direct puncture path through the solid 
insulation and oil. 

Case 10. Transient Considerations in Transformer Design.— 
Apparatus must be designed to meet not only normal but also 
abnormal conditions to a reasonable extent. In the usual trans- 
former, the voltage distribution is not uniform for all forms of 
applied waves, but varies with steepness and duration of the 
impulse, or frequency of the transient. High frequencies and 
steep impulses may cause excessive voltages at any part of the 
winding. The ideal transformer would be one in which the 
voltage distribution would be the same for all frequencies and 
wave shapes. It has been possible to secure these results with 
the so-called shielded or non-resonating design, which is an 
entirely new type. 

Figure 253 shows the advantages of this design. Here are 
plotted the results of tests on an actual transformer, shielded and 
non-shielded. In the shielded transformer the impulse and high- 
frequency voltage distribution is seen to be practically the same 
as the 60-cycle distribution. With the unshielded type, how- 
ever, the envelope of impulse and high-frequency distribution 
in Fig. 253 shows extremely high-voltage concentrations in the 
windings. A comparison of the two shows that the shield 
reduces local transient voltages as much as 80to1. In the non- 
shielded transformer, lightning failure may occur anywhere in 
the winding, depending upon the wave shape. With the shielded 
winding free from localized stresses under all waves, breakdown 
is as definite as the flashover of an insulator string. 

The reason for the varying distribution of voltage in a non- 
shielded transformer is briefly as follows: The initial lightning 
impulse distribution is determined by the distribution of the 
capacities in the windings due to the fact that the inductance 
at the first instant acts like an open circuit. This initial condi- 
tion causes most of the voltage to appear at the line end due to 


1 Patusrr, K. K., “Effect of Transient Voltages on Power Transformer 
Design,” Trans. A.J.E.E., 1929. 

* Punk, F. W., Jr, “Lightning, Progress in Lightning Research in the 
Field and in the Laboratory,” Trans. A.J.E.E., 1929. 

3 Branp and Pauuerr, ‘Lightning Studies of Transformers by Cathode 
Ray Oscillograph,” Trans, A.J.E.E., 1929. 
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the capacities to ground, an action similar to the distribution 
over an unshielded insulator string (see Fig. 247). 


true in both core and shell type transformers. 
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Fig. 253.—Voltage distribution in windings of shielded and non-shielded trans- 


formers at all frequencies. 


or long duration voltage distribution depends on the inductance. 
If the voltage distribution, as determined by these two factors, is 
not the same, an oscillation results and lasts until a final distri- 
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bution corresponding to that of the inductance exists. With the 
shielded winding, however, the capacity and inductance distri- 
butions are made to correspond. The action of the capacity of 
the shield is instantaneous in making each part of the winding 
take its final share of the voltage. Since the instantaneous 
distribution is thus made to correspond to the final distribution, 
there are no oscillations. 

Figure 254(a) shows an approximate equivalent diagram for 
the usual transformer. Figure 254(b) shows a shield added. 
Figure 254(c) shows the effect whereby a number of equal 
capacities to ground are connected to the winding at equal 
intervals. 


oy 
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(a) (b (Cc) 
Usual Transformer Shielded Transformer Effect of Shield 
Fic. 254.—Diagrams showing equivalent transformer circuits. 


A cathode-ray oscillographic study was made of the voltage 
distributions throughout transformer windings.! The oscillo- 
grams in Fig. 255(a) show a wave with a 15 microsecond front 
applied to the line end of the transformer. The double wave on 
this and some of the other records is the result of two measure- 
ments being made on the same film. Figure 255(b) shows that 
83 per cent. of the voltage of the wave of Fig. 255(b) applied 
on the line appeared at the middle of the transformer. In Fig. 
255(c) and Fig. 255(d) are given the results with a 25 microsecond 
wave. Figure 256 shows the voltage at various parts of the 
winding of an ordinary non-shielded transformer for a wave 
having a 5 microsecond front chopped by a line insulator and 
corresponding to surges measured in practice. The distribution 
in percentage of the voltage applied at the line end is as follows: 
100 per cent. voltage at 97.2 per cent. of winding from ground; 
82 per cent. voltage 83.3 per cent. from ground; 95.5 per cent. 


'Branp and Patuerr, “Lightning Studies of Transformers by the 
Cathode Ray Oscillograph,”’ Trans. A.I.E.E., 1929. 
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cent. voltage, 16.6 per cent. from ground; 12.9 per cent. voltage 
2.8. per cent. from ground. The difference in the shapes of the 


waves at various parts of the winding from the applied wave is 


evidence of oscillations. 


DIELECTRIC PHENOMENA 


TA os2 


y b\ fren 
Live Vollage 1003; : 972% from : i i Ground 


| 


with Insulator || Ground ~——-i 
Gparkover { 


od: yo Z itage Microseconds Ge 
ver \ 


$3%)  33%% topes} 
= ek ee = op 


(b) 


16% Z trem 
Ground 


129% (ver voltage 56 2) 
st tt ir 


Microseconds 


Fig. 256.—Cathode-ray oscillograms showing impulse voltage distributions in an 
ordinary transformer. (Chopped wave—note high-internal voltages.) 
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Fia. 257.—Cathode-ray oscillograms showing impulse voltage distribution 
in a ‘‘shielded” or “‘non-resonating”’ transformer. (Note that each part of 
winding takes its share of voltage and there is no resonance.) 
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show the result when the transformer is shielded. The applied 
waves are shown with and without the transfo mer as well as a 
wave taken at a point in the winding 63 per cent. from ground. 
The voltage at the 63 per cent. point is 63 per cent. of the applied 
voltage and the wave is exactly the same as the applied. This 
shows equal distribution and no oscillation. In addition to 
reducing the stresses in a transformer as much as 80 to 1, the 
shield is also of value 
in the 60-cycle testing 
routine, as it then pro- 
vides the transformer 
with stresses equiva- 
lent to those of a light- 
ning test, since the 
voltage distribution is 
thesame. Thisis not 
true in the ordinary 
transformer where the 
60 cycle test means 
little. 

Although the tran- 
sient crest voltages on 
lines due to switching 
are generally less than 
half those created by - Se) 
lightning, the internal 
oscillation voltages in 
non-shielded _ trans- 
formers caused by 
switching surges may 
be as much as twice 
those due to equal 


lightning voltages. ad 
Therefore, the two Fig. 258(b) - 

; Fria. 2538.— Method of drawing lines of force anc 
effects are BD at OTe equipotential surfaces. 


mately the same. 
Case 11. Dielectric Field.—Draw the dielectric lines of force 


and equipotential surfaces between two parallel cylinders so that 
one-twelfth of the flux is included between any two adjacent lines 
of force, and one-twentieth of the voltage is between any two 
adjacent equipotential circles. 
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Let S = 10 cm. between conductor centers 
r = lcm. = conductor radius 
From Chap. IJ, page. 22, 
S— J/S?— 4? _ 10 — V/100 — 4 
> 2 2, 2 
The distance between focal points of the lines of force is 
S’ = S — 2z = 10 — 0.20 = 9.80 

It is desired to include one-twelfth of the total flux between 
lines of force. Draw radial lines rom the flux centers 142 X 180 
= 30 degrees apart (see Chap. II, pages 15 and 20). The point 
of intersection of a radial line with NV. N. (Fig. 258(a)) is a point on 


the line of force. The line of force is, hence, a circle with center 
N 


= 0.10 


Fre, 259.—Graphical method of drawing lines of force between two cylinders. 
on N. N., and passing through the point of intersection of the 
radial line NV. N., A’;, and A’s. The lines of force are therefore 
determined. The centers, etc., might have been calculated from 
equation (8), page 20. The line of force is also determined 
graphically by drawing the diagonal line through the intersec- 
tion of radial lines, as shown in Fig. 259. 

The equipotential surfaces in this case may be found graphi- 
cally in a similar way by drawing diagonals through the inter- 
sections of the circles of the component fields. Other resultant 
fields may be drawn from corresponding plane diagrams if the 
component fields are given for the same strength, or same poten- 
tial differences between the equipotential surfaces. Any number 


SOLID, LIQUID, AND GASEOUS INSULATIONS 337 


of fields may be so combined, two at a time. It is often possible 
to approximate, for practical purposes, the field of a complicated 
structure by so combining the simple fields of the component 
electrodes. 


The equipotential surfaces are circles with centers on the line 
A',, A's (see equation (7), page 18). The distance of the center 


of the circles from A’. is » and the radius is 


b? ab 
G6 Ii) 
a and b must be so chosen that the permittances between circles 
are equal. 

For any point p on the line A’,A’, (Fig. 258), the potential to 
the neutral plane due to A’, is 


» where 


eo em Oe eee 
Comp = OK E lke GF 
Due to A’), it is 
ay 2a_ 2(S’ — 6) 
eine = KG OR BF = ap RE OBE? 
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It is desired to divide the field up into n equal voltages between 
the conductor surface and the neutral plane. The potential from 
the conductor to neutral is e, and is known 
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Cn 
y = 2rKk SES ir cz) 
loge rs 
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Let 8 be the fraction of the voltage e, it is desired to place 
between the neutral plane and any point p on the surface under 
consideration, then (Fig. 258(b)) 


Cnp = €nB 
1 (S’ — b) 
Pia = aa b 
loge ——_-———- 
r—2 
GS Dee. Si (2) ee 
log = B loge (r z) BF 
In this problem 
S’ — (r — 2) 
loge Se a ee constant = F 
a a — (1 0 tee 8.92 _ 
F = loge (i — 0.1) = loge 0.92 — 2.290 
loge ; = BF 
S’ — 


i = anti-loge BF 
Ee ae ESS 
~ (anti-loge BF + 1) 


b 


b is thus determined. 


If it is desired to find b for the first circle from the conductor 
6 = 0.9. 


9.80 .80 
by EG By 
For the next circle 
p= 038 
9.80 
be 6.23 +1 1.36 


Other values are found and tabulated in Table LXXXIV. 
a and F are thus found. The circles may now be drawn with 
radii R, centers on A’,A’s, and intersecting A’;A’sb em. from A's. 
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TaBLe LXXXIV.—EquivoTentiAL SURFACES 


6 b Esse R= ab ab 

1.0 b =. 0.900 8.90 1.00 8.00 8.00 
0.9 Die OMe GO i DY 7.58 9.65 
0.8 iy TL RE cls 1.62 7.09 11.49 
Onn iy AGNES lis 2.07 6.50 13.45 

| 

0.6 ive TA ip pate 2.65 5.84 15.46 
0.5 bs 2.38 7.42 3.50 5.04 17.65 
0.4 iN AQ 7.09 4.65 4.28 19.90 
0.3 beeee 20 con! 6.65 BED 21.40 
0.2 bs 3.80 6.00 10.35 2.20 22.80 
0.1 by 4.34 5.46 215 il We 23.67 
0 bio 4.90 4.90 © 0.cO 24.00 


PF = 2:290 = constant z=0:1 S’ =S —22=98 


The gradient at any point and, therefore, the equigradient 
surfaces may be found as follows: 
The flux density at any point is 


_ SY 
D aes (Pages ae and 24.) 
v => Gye: — g aN =S 
rae + VG) ~ | 

= 2S’rkKe, 
7 S S\2 

2721Xe oo ee + aa == 2 
D Se Cn 


C8 ae a 
kK 11X2 loge ie ze ie 1] 


or for a given voltage, spacing and size of < bas the term to 
the right is constant, and it follows: 
1 
g = ale times a constant = Sooke 
1X2 

is the gradient at any point x, cm. from 7, "aud x. em. from 
A’,. Putting x, in terms of 2: and the angle a between 2» and 
the line A’;A’s 

pews M 
ro £22 + S'? — 28’x2 cos a 


Vf = 
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(1) Find the maximum gradient at the conductor surface for 
100 kv. between conductors. This may be found directly from 
equation (12a), pages 25 and 30, and is 26.7 kv. per centimeter. 


Fig. 260.—Method of plotting equigradient curves. 


(2) Find the gradient at six equidistant points on the con- 
ductor surface for 100 ky. between conductors (see Table 
LXXXYV). 


TaBLE LXXXV.—EQUIGRADIENT SURFACES 


a | o° Se ea BOP 90° 120° 150° 180° 
g = 21.4 |m= 1.16 1213) L077 (007). 0-97-4120. 945 0508 
g=16.1 |x, = 1.64 1.60) 1.44") F.32 | 1.27) ss e206 
g =10.7 | 22 = 2.91 2.85 | 2.25% 2.00 | 1.85 | 1.75 | 1.74 
g= 8.9 |x. = 4.90 3.40 | 2.71. | 2.387 | 2.19 | 2.06 |) 2202 
g= 8.0 j}m= , __| 4.0 | 3.08 | 2.59 | 2.38 | 2.26 | 2.20 
g= 5.34) 2% = 4.944 /—11 8.209) 4.70 | S.Sl 3527 | ould | oaO 
g= 2.67) x= : et $8.63 | 6.73 | 6.83 4052405 e529 


1 Such a gradient does not exist on this line and hence z2 is imaginary. 
(See plot Fig. 8, page 16.) 


Gradient at Equidistant Points on the Conductor Surface 


Angle bet. horizontal Ana’ 


and line through point and | 0° 
conductor center | 


SOLID, LIQUID, AND GASEOUS INSULATIONS 341 


(3) Caleulate the equigradient curves for gradients of 21.4, 
16.1, 10.7, 8.9, 8.0, 5.34, and 2.67 kv. per centimeter at 100 kv. 
between conductors. This may be done from the above equation 
by putting g equal to the required gradient, and finding x» for 
given values of a. The results are tabulated in Table LKXXV 
and method of plotting is shown in Fig. 260, 

A complete plot of Case 9 is shown in Fig. 8, page 16. Note 
that in such a diagram, the permittance or elastance of each of 
the small cells bounded by sections of lines of force and equi- 
potential surfaces is equal. 

Determination of Potential of a Point in Space. 


Tie. 261 


Let P be any point in space 


r be the radius of the conductor 

S be the spacing between conductor centers (between con- 
ductor and image when necessary) 

z be the distance .between conductor center and the focal 
point of the lines of force 

x; be the distance between and the focal point in conductor 
A 

x2 be the distance between P and the focal point in conductor 
A» 

R be the radius of the equipotential surface (circle) passing 
through P and P; 

Then 

al 


| 
I 


“ (page 18) 


Since 
a=8S'-—b)b 
bx1 — S’x2 = bx2 


LoS! 


tite 


(1) 
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= ae 2\42 
z= US Garaewe 5 a) (page 22) (2) 


S’ = 8 — 22 = S— S + (S? — 4r?)>i = (S? — 47r?)?4 (3) 
and therefore 


2 a2(8* = 477) 4 
bee (en £2) ( ) 
The voltage from P; (or P) to neutral is 
S’—b 
i (=) 
s+ (page 337) 
and since 
San hank 
y= 2sKke,/In(=—" — ®)) (page 337) 
i = = 
enp = ¢ : (5) 
Sat es) 
‘: r—2 


where e, is the known voltage from conductor to neutral. 
Substituting in (5) the values obtained in equations (2), (3), 
and (4), we get 


§2 — 472) — %(S* — 4r?)?8 
*s a) a spines: 
n(S = 47°) 
PR ap 1 + Ze 
np — n 5 : vA 
“ms op Cae 
oe pe \" al 2 )) 
In Z ani (isi — (8? — 4r =a) 
2 
in(= :) 
mare i (ee —4P)4 +S — S| (6) 
(S? — 4r?)?3 — S + 2r 


Notrs.—The quantities e,, and e, are in the same units. Also 
the quantities 2, 22, S, and r are in the same units. 
From (6) we can obtain 
in(=) 


enp = “S18 (7) 


nls aA) = 1} 
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inl 2 
Cnp = Cn se) 8 (8) 


or 


Assume Cartesian axes through the center of conductor A», 
the X axis containing the center of conductor A;. Let the 
coordinates of P be x, y. Then 


Xo? = (« — 2)? + y? 


and 

te = [(x — 2)? + y?]>4 (9) 
Substituting (2) in (9), we get 

S?— 4r?)2i — 8\? 8 

m= ((@+ Oo 8) + | (10) 
Also 

Evie = GS —= i z)? + Ue 
And 


ra [e+ = 2) 33 —2) a Ta (11) 

Notre.—The quantities x, y, x1, t2, S, and r are in the same 
units. : 

Case 12. Dielectric Fields in Three Dimensions.—The field 
of a conductor arrangement which must be considered in three 
dimensions, as a rod and torus, rod through a plane, etc., is gen- 
erally represented on a plane figure in such a way that if the figure 
were revolved about its axis, the solid would be formed sur- 
rounded by its three-dimensional field. The small cells of the 
plane figure bounded by sections of lines of force and equipoten- 
tial surfaces would form cells in the solid of equal permittance. 

In the case of figures, as those for parallel wires, a wire in a 
cylinder, and parallel planes, it is possible to represent the field 
by considering only two dimensions. The height and thickness 
of the cells on the plane give constant permittance, or average 

height _ 
thickness 
of the wire and need not be considered in drawing these cells. 


= constant. The third dimension is then the length 
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In the case of the three-dimensional field, the cells on the plane 
must ke of such a height and thickness that the solid cells have 
constant permittance, or where the cell is small 


ji 
= constant 


This can readily be seen from lig. 262. 

It is a general law that the cells must be so arranged that the 
stored energy may be a maximum or the permittance a maximum. 
In cases where the {eld need only be considered in two dimen- 
sions, it is thus possible, without 
great difficulty, to draw a field by a 
series of approximations in which the 


cells have a constant * or add up to 


maximum permittance. The lines of 
force must be normal to the electrodes 
and to the equipotential surfaces at 
the point of contact. This is also 
possible for a three-dimensional field, 
but extremely difficult because the 
cells must be drawn in such a way 
that the solid cells have constant 


permittance. 
The best way in which to deter- 
eae voscke mine a field that cannot be readily 
by Dees Eee calculated is experimentally. If the 


Fra. 262.—Dielectric field in electrodes are immersed in an elec- 
nee Gee oneone: trolyte in a large tank made of insulat- 
ing material, and a small current passed between them, equipoten- 
tial surfaces may be measured at equal voltage intervals on a plane 
through the axis of revolution by means of a galvanometer.! 
These surfaces correspond to the dielectric-equipotential surfaces. 
The lines of force may be drawn at right angles to these, so as to 
divide the field into solid cells of equal capacity (see above). 
It is difficult in practice to get results by this method when the 
problem includes several permittivities. 
Theoretically, it would be possible to use a solid material to 
represent, for instance, the porcelain shell of an insulator, and 
1 Fortescue has described this method. See Trans. A.J.E.E., p. 907, 1913. 


Much more exact results may be obtained than those shown in this paper. 
Rick, C. W.. Trans. A.J.E.E;, p. 905, 1917. 
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the electrolyte to represent, the air. The resistivities of the two 
materials should then have the same ratio as the elastivities of 
porcelain and air. It is difficult to find a solid material with a 
resistivity in the order of that of an electrolyte. 

As a less exact experimental method, the lines of force may be 
obtained by mica filings and the problem then solved by approxi- 
mations. These methods may be developed into very useful 
ones for a study of flux control, ete. 

Case 13. Effect of Ground on the Permittance and Gradient 
for Parallel Wires.—Such problems are solved by taking the 
“images”? symmetrically below the ground, as in Fig. 263. 


+ 
A, Image Bs 
Fig. 263.—Effect of ground on capacity between parallel wires. 


Voltages between AB due to A, B, Ay, B, are 


S 
€ég4 = + he) log. , 
v r f 
ee OK loge g (* = S’ where the nae 
y a are far apart 
CAR hoe Cane log. ah 
v ee 
Ah a Sf (ER log. a 
tal voltage is 
The total v g ‘ ‘ 2h) y og 8 2h 
o =e, ten tea, + en, = apg (low, + loz. a/ «kK r @ 
Bae EahKS Bet. lines) 
C= 6 = ing 82h | , 


r@a 


346 DIELECTRIC PHENOMENA 


Where the wires are far apart the gradient is 


é 


Ot) BS caches —“pepeaay < par, 5% 
pana: zh 


Tr a 


The problem for a number of wires may be solved in the same 
way. The fluxes from the different wires may then not be the 
same and the solution is more difficult as a number of simultane- 


ous equations must be written and solved. 
Case 14. Three-phase Dielectric Field with Symmetrical 


and Unsymmetrical Spacings.—The fluxes between conductors 
on a three-phase line vary sinusoidally with the voltages. The 
instantaneous values of voltages may be added algebraically as 
above. The effective or maximum values are found by geo- 
metrical addition. 

To illustrate: find the fluxes for three three-phase conductors 
in an equilateral triangle, and also for flat spacing. In order to 
greatly simplify the problem, the effects of ground or images 
will be neglected, and the conductors considered far apart. 

Then due to fluxes from , 


A | B | G 
1 AB CB : 
(a) Hap = ankK VA log. Foals Yslogeaq + vc log. CA =e sin 6 


1 AC BC : 
(6) Ege = SEK (v4 loee ABT ¥eloge =~ + ¥clog. aa) a 
e sin (@ — 120) 
Only two of the three equations which may be written as 


above are independent, since the sum of the voltages must be 
zero. The other independent equation is 


(c) Ya + ve + vc = 0 
A 
° 

Conductors Spaced in a Triangle 0 0 (equilateral triangle). 


BEG 
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Substituting spacing S in (a) and (6) and solving for Wu, Ws 
and We 


2rkKe i 
Yp=- S (1.5 sin 6 -+ 0.866 cos @) 


3 log. z 


Let e(1.5 sin @ + 0.866 cos 6) = eq (sin 06 — a) 
put 6 = 90 and 6 = 0 and solve for e, and a 


QrkKe 1.16(7kK 
vp = ar (6 — 150) = 1 Tiate sin (@ — 150) 
V3 log. loge 
2rkKe . ee! 
va = aes sin (6 — 30) = tO ain (6 —30) 
V3 loge~ loge ~ 


Yc may be found in the same way, or for this particular case, 
Wa, Wz, and pc are equal by symmetry. 
For single phase 


oes ee 
2 log. — 
°r 


Therefore, when the wires are far apart, and with the same 


voltage between lines, -the three-phase stress is ae times the 


single-phase stress. 
Flat Spacing A B C.—Putting S, S, and 2S in a and b and 


CoO 
solving as before 
2rkKe 


Yor aetna e 


hao hae sin (@ — 150) 
/3 log. ~ — 0.58 log 2 


2rkK e A 
== 5 sin (@ — 150) 
\/3 log. ie 0.4 


The flux and, therefore, the stress when the wires are far apart, 


is greatest on the middle wire. For = 500 it is 4 per cent. 


greater than on the wires with the same S and triangular spacing 
as above. wWa, and yc are 6 per cent. lower than for the triangular 
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spacing. The gradients vary in the same way. Corona, there- 
fore, starts on the center wire at a 4 per cent. lower voltage, and 
on the outer wires at a 6 per cent. higher voltage than for triangu- 
lar spacings. 

Case 15. Occluded Air in Insulation.—It is interesting to 
estimate the effect of occluded air in solid insulation. Assume 
that in the process of manufacture air bubbles have formed in a 
sheet of rubber insulation. The sheet is 1 em. thick. The bub- 
bles are thin compared to the rubber, and long in the direction of 
the length of the sheet. It is estimated that the largest ones are 
0.01 em. thick, and 0.1 em. long and wide. The electrodes which 
the rubber insulates may be assumed as being practically parallel 
planes. The working voltage is 40 kv., or the stress is 40 kv. per 
centimeter effective in the rubber. As the air bubbles are not 
thick enough to greatly disturb the field, the same flux passes 
through the air as through the rubber. The permittivity of the 
rubber is 3. The stress on the air is, therefore, 3 X 40 = 120 
kv. per centimeter effective. Air breaks down at 21.2 kv. per 
centimeter effective at atmospheric pressure. It seems probable 
that these bubbles will break down, even after allowance is 
made for the extra strength of thin films, and a possible pressure 
higher than atmospheric. See Appendix. It is probable that 
the solid insulation would soon break down on account of heat 
and chemical action. 

Case 16. General.—(a) Estimate the visual corona voltage 
when wires are wet. Compare with the visual corona voltage 
when wires are dry. 

Calculate g, from the formula on page 77, Chap. IV. Insert 
the value in formula (20). Maximum e, to neutral is thus found. 
If the voltage used is a sine wave, reduce to effective kilovolts 
by dividing by ./2. For a three-phase line the voltage between 
wires may be found by multiplying by 1/3; for a single-phase line, 
by multiplying by 2. Compare with dry visual critical voltage 
calculated from equation (20); page 53. 

(b) At what voltage will the above wires spark-over wet and 
dry single phase; three phase? 

Estimate dry spark-over voltage from equation given on page 
113, Chap. V. Estimate wet arc-over voltage by assuming 
needle-gap spark-over. 

(c) Caleulate the dry arec-over curve for a 10-cm. sphere 
(grounded) at 6 = 0.90, and spacings from 1.5 to 10 cm. 
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Use equation (13b), Chap. V. Estimate a wet spark-over 
curve as outlined for spheres on paze 139, Chap. V. 

(d) What is the voltage required to puncture 0.5 em. of paper 
insulation when the time of application is limited to lioo sec.? 
In 100 sec.? 

Use equation on page 238, Chap. VIII, of the form 


a 
ie AS cre ges 
( Vv 7) 
€s = gs X thickness 


(e) Estimate the loss per cubic centimeter at 1000 cycles in a 
piece of varnished cambric, at 5.0 kv. per millimeter, 25°C. Use 
equation page 251, Chap. VIII. 

(f) What is the breakdown gradient of a piece of porcelain 
2 cm. thick? 

g = 7.5 (: + 7) 
Vt 
where ¢ = thickness in millimeter 
g = gradient in kv. per millimeter (effective) 
(See Chap. VIII, page 238.) : 

Case 17. Lightning-proof Transmission Line and Coordina- 
tion of Transformer Insulation and Line Insulation.—It is 
interesting to consider whether a lightning proof transmission 
line is possible or practicable. It has been shown (see Chap. 
IX), that the lightning voltage is independent of the operating 
voltage and depends upon the height of the line; that the ground 
wire greatly reduces the lightning voltages; and that the lightning 
flashover voltage of insulation and the breakdown voltage of 
apparatus are known.! A consideration of these factors shows 
that a line of moderate height, protected with ground wires and 
properly insulated could usually be made lightning proof against 
induced voltazes at a reasonable cost. In order to make a line 
safer from direct strokes, the necessity of ground wires above 
the line is almost obvious because, no matter what the insulation, 
the limit will be the sparking distance from line to ground. 
With ground wires, the stroke would usually take place to the 
wires and then along the wires to the tower, preventing insulation 
arc-over. Where the line is badly exposed to direct strokes, 


1Ppnx, F. W., Jr., ‘Lightning, Progress in Lightning Research in the 
Field and in the Laboratory,” Trans. A.J.H.E., 1929. 
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however, special precaution should be taken in the design of the 
tower so that side flashes are not likely to take place to the 
conductor. An ideal:arrangement would be to have the usual 
ground wires as near the conductors as practicable in order to 
limit induced voltages, and to provide an additional wire above 
these to receive direct strokes. This latter wire should be high 
enough above the ground wires to prevent any side flashes to 
them. Special precautions as to length of span, ground resist- 
ance, distance from conductor to ground wire, lightning rods, 
extra ground wires, and frequently distributed discharge devices 
(permitting lightning to discharge to ground but preventing the 
power current from following) may be necessary to assure 
immunity against direct strokes in badly exposed sections. A 
low tower is advantageous from the standpoint of direct hits 
because it is less likely to be struck. Induced voltages are the 
most probable cause of dangerous surges on moderately insulated 
lines, and direct strokes on highly insulated lines. 

The limit of the voltage in any line is the lightning flashover 
voltage of the insulator. It is very important, therefore, when 
designing a system so to proportion the insulation that the 
transformer lightning breakdown voltage is higher than the 
lightning breakdown voltage of the line insulators in the vicinity 
of the station. It is obviously not good engineering to make the 
transformer the weakest link in the insulation chain. The 
insulators on the rest of the line may be as strong as desired. 

The grading shield is as important to the insulator string as 
the ground wire is to the line. It not only reduces the maximum 
stress but increases the lightning spark-over voltage and causes 
the are to clear the string. It also increases the energy dissipa- 
tion which has the effect of increasing the spark-over voltage. 
The horn and similar arcing devices cannot cause the arc to clear 
without a serious reduction of the flashover voltage. 

In addition to the above factors, the location of the line is 
very important. The ideal line would thus be as low in height 
as practicable, be protected by one or more ground wires, and 
be well insulated, with insulators protected by grading shields. 
The transformer insulation should be stronger than the bushing 
which in turn should be stronger than the line insulators in the 
immediate vicinity. By immediate vicinity it is meant that the 
coordinated insulation should start within 75 ft. of the apparatus 
and preferably extend out about 19 mile. As a precaution, 


SOLID, LIQUID, AND GASEOUS INSULATIONS dol 


extra ground wires may be added on the coordinated sections to 
provide against local disturbances. With extra ground wires, 
the lightning voltages can be reduced in proportion to the 
insulator strength. 

As an example of a transmission line designed with the above 
precautionary measures in mind, consider a typical 220-kv. 
installation. The conductors should be arranged in the regular 
horizontal configuration and as low as possible, probably 40 ft. 
above ground. At this height, the induced lightning voltage 
would be 40 X 100 kv. = 4,000,000 volts (see page 263, Chap. 
IX) for an instantaneous cloud discharge. Under the worst 
conditions the time of cloud discharge would probably never 
be less than a microsecond so that the maximum induced volt- 
age would probably never equal the instantaneous value of 
4,000,000 volts. With one or more ground wires provided, the 
induced voltage would be reduced to less than one-half (see page 
264, Chap. IX), or less than 2,000,000 volts. From Fig. 123, 
page 151, it is seen that this is less than the spark-over volt- 
age of 14 units for typical lightning surges. Accordingly, sus- 
pension strings of 14 units would probably prove satisfactory 
for the usual case where direct strokes are not numerous. For 
greater safety, one or more units might be added to the string 
and the spark-over voltage raised to any value desired. Arc- 
ing rings should be provided for the protection of the insulator 
units. This will cause a further increase in the lightning spark- 
over voltage. The latter is not affected by rain, so that the 
curve of Fig. 123 applies under all climatic conditions. The 
above considerations do not include the rapid attenuation factor 
present with high lightning voltages (see page 281) so that the 
above estimates are optimistic from that standpoint. 

At portions of the line, particularly exposed to direct lightning 
strokes, special ground wire arrangements should be made— 
that is, their height and number should be such as to insure their 
receiving all hits directed towards the lines. Their resistances 
to ground at each tower should be particularly low, also, being 
held down to several ohms if possible. Lightning rods either 
at the towers or alongside of the line might also be added, if 
they seem warranted. (See directions for installing rods to take 
direct strokes, Chap. IX, pages 287-294.) 

Near the stations, the line insulation should be reduced below 
the flashover voltage of the transformer bushings, as previously 
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outlined. In most cases, it is probably well to add extra ground 
wires in this section to lower the surge impedance and, in that 
way, reduce the voltage in proportion to the reduction in insula- 
tion and, also, take the above precautions for direct hits if the 
locality is particularly exposed. 

Summary.—The requisites for securing maximum lightning 
protection on a transmission line are briefly as follows: 

1. The line right-of-way should be so located as to avoid 
lightning storm paths as much as possible. 

2. All line conductors should be strung as near the ground as 
possible. 


phigh ground wire 
= 2800 Z - 1/60 ¥ for protection 
é ; | against direct strokes 
‘ Hikhe BS 12 - Ground Wire 
RS) 
i = 1800 TST 7 1025 : : 
= <> be 7 x a 
Effective height KA 78 op wecteoees 


SOX 


of Jower conductor S 
36 feet 


ees Se 


WAS S497 STISVIRVTTS IVW7AS WV WAY 7 
No Ground Wire One Ground. Wire Ideal Arran ement 
Vertical Configuration Vertical Configuration Horizontal Configuration 


These values of voltage are based upon an assumed field gradient 
of 50 kilovolts per footand an average effective conductor height of 36 feet 


Fie. 264.—Comparison of induced lightning voltages on towers of different 
designs. 


3. One or more overhead ground wires should be provided 
with as low resistance to ground as possible. 

4. All insulator strings should be equipped with grading 
shields. 

5. The line insulation near a station should be decreased, if 
necessary, so as to have a flashover voltage lower than that of 
the transformer bushings. Extra ground wires should be 
provided in this reduced insulation section. 

6. In sections particularly exposed to lightning, extra protec- 
tion from direct strokes should be provided in the form of 
additional, higher, and better grounded ground wires and, 
possibly, lightning rods, or special discharge devices frequently 
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distributed along the line to permit the lightning but not the 
power current to discharge to ground. Progress is being made 
in the development of such discharge devices, the nature of which 
will make it economically possible to arrange one on every insula- 
tor string of important lines, or on sections badly exposed to 
lightning storm paths. 

In designing towers, the members must be so arranged that the 
sparkover voltage from line to tower at any point, allowing for 
conductor swinging, must be greater than the flashover voltage 
of the insulator string. The lightning sparkover voltage between 
metal parts should be obtained from the needle gap curve, Fig. 
122, page 150, for corresponding dis- 
tances. Corresponding lightning 
sparkover voltages forinsulator strings 
are found on Fig. 123, page 151. 

In Fig. 264 are given several designs 
of transmission towers and the light- 
ning induced voltages which may ap- 
pear on their conductors. It is readily 
apparent that the ideal arrangement 
shown in the figure, which is designed 
along the above recommendations, ” 
should suffer far less lightning trouble 
than the others. The proper design 
procedure in any case should be gov- 
erned by economic as well as engineer- 
ing considerations. 

Case 17. Wood Poles.—The insu- 
lating value of a wood pole to light- 
ning voltages has been measured up 
to 5,000,000 volts. The measure- 
ments show that the strength of wood 
poles of such varying degrees of wet- 
ness and dryness that might occur in 
practice, range from 100 to 300 kv. per foot. 180 kv. per foot 
is a good average value. Thus a pole 35 ft. high with a 5-ft. 
crossarm would have a lightning spark-over voltage of 40 * 180 
= 7200 kv. The insulator would add very little to a pole of 
thislength. When the length of wood in series with the insulator 
is not over 10 ft., however, from 75 to 100 per cent. of the insulator 
(lashover voltage may be considered as added to that of the 


Fie. 265.— Proportions for 
wood-pole protective gap. 


(Note discussion in text below.) 
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wood to comprise the total pole insulation. A practical example 
of this is a pole made conducting by a lightning rod to prevent 
splitting, with the .insulation depending upon the insulator 
and crossarm. In a case of this kind, part of the insulation of 
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NOTE: Above Lightning Waves of 5 M.S. Effective Duration 
Kia. 266.—Lightning spark-over voltage for various wood-pole constructions. 


the pole could be utilized and protection from splitting afforded 
at the same time by placing a gap in series with the lightning 
rod. The 6-3-1 ratio shown in Fig. 235 was found satisfactory 
under ideal conditions. However, for purposes of safety a 
6-2-1 ratio should be used. 
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Whether a pole is wet or dry makes very little difference on 
the lightning voltage necessary to cause complete flashover to 
ground. When a pole is quite wet, however, incipient sparks will 
take place over the insulator alone. These sparks, tending to go 
to ground from two or more conductors, may thus cause phase-to- 
phase arec-overs at voltages lower than the spark-over voltage of 
the pole to ground. Figure 266 illustrates this. For example, 
Fig. 266(c) shows that the complete spark-over of a 10-unit insu- 
lator string and a 10-ft. effective pole length, (represented by the 
distance from a cross-arm to a ground guy wire connection) is 
practically 2400 kv. In Fig. 266(a) it is seen that the lightning 
spark-over of the ten insulators alone (i.e. with 10 ft. of wood pole 
still in series with the insulators but with incipient sparks over the 
insulators only) under the same conditions requires but 1900 
kv. Accordingly, the latter lightning voltage might be sufficient 
for a phase-to-phase power short-circuit. To reduce this hazard 
the distance between conductors should be as great as practicable, 
the pins should not be bonded, and metal cross arms should be 
avoided. 

While wood poles without rods or ground wires may have very 
high lightning spark-over voltages, there is always a danger of 
long outages due to split and burned poles that could not be 
tolerated on important lines. The porcelain insulator is more 
reliable. By use of gaps as illustrated above, however, part. of 
the insulating value of’ the wood may be used to advantage on 
certain secondary lines. 

Case 18. Determination of Lightning Wave Characteristic 
from Insulator Sparkover.—Assume that a 14-unit insulator 
string is flashed over on a line and that a surge voltage recorder 
at that point indicates a crest voltage value of 2,000,000 volts. 
Referring to Fig. 123, Page 151, it is seen that the lightning 
sparkover of 14 units at 2,000,000 volts requires that the lightning 
wave have an effective length of 5 micro-seconds. Accordingly, 
to simulate this sparkover in the laboratory, an impulse wave 
must be used whose duration above half crest voltage wp to the 
sparkover point is 5 micro-seconds. The effect is the same 
whether the wave shape selected results in sparkover on the front 
or on the tail, as long as the crest value is 2,000,000 volts and the 
total wave duration above half voltage is 5 micro-seconds. 
Under these conditions, sparkover will occur on approximately 50 
per cent. of the applied waves. (See Pages 142, 154, 155, and 281.) 
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1. MEASURED CORONA LOSS 
Indoor Line—60-cycle 


The current and watts given are measured values due to corona, 
divided by the total conductor length in kilometers. Corrections 
have been made for transformer and leads. The voltage is given 
to neutral. As these measurements were made on a single-phase 
lines, the voltages between wires were twice the value given. To 
obtain kilovolts per kilometer of conductor multiply amperes per 
kilometer by volts between lines. 


Corona Loss—INnDoorR LinE—60-cYCLE 


Test 10B Test 11B 
Eff. kv. to Amp. per Loss Eff. kv. to Amp. per Loss 
neutral, en km. kw./km., p neutral, en km. kw./km., p 
LOS 52 3R bce ane eee 0.07 I Sy legen aes a 0.33 
AAV AP all doa Gia de hate 0.51 1OS0 ee kere eee 0.92 
L480 Ble tt horde 1.40 LS k> Opera ae Lat 
HW el KOR Diep ke 3.20 19.9 0.070 1.64 
1SE206 Wiaerecereaiete: 4.02 24.7 0.100 3.95 
195 GOW Mie eee oe 6.83 29.3 0.150 6.90 
22.30 0.225 9.44 33.2 0.189 10.40 
24.90 0.310 15.03 36.3 0.223 14.20 
27.20 0.395 20.63 39.7 0.268 18.75 
29)./60! Datieey tee heal cack eee 44.0 0.325 26.73 
28.00 0.404 22.40 47.3 0.380 34.20 
25.90 0.342 16.80 50.2 edd Seeker cll ea tieee arene 
23.60 0.263 11.80 45.2 0.350 29.20 
20): SO! mel ters Ohana (Ns 41.5 0.293 22.20 
LSWA0) se iliGeacen eters 4.14 37.4 0.2388 15.69 
LG 510 a asec 1.98 31.0 0.163 8.08 
27.0 0.128 5.29 
22.3 0.082 2.53 


Spacing, 15.25 em 

Radius, 0.032 cm. 

Total cond. length, 0.0838 km. 
Oo = 1.02; 


Spacing, 305 cm. 
Radius, 0.082 cm. 
Total cond. length, 0.0838 km. 
6 = 102. 
356 
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SS SS 


Test 13B Test 15B 
Eff. kv. to Amp. per Loss Eff. kv. to Amp. per Loss 
neutral, en km. kw./km., p neutral, en | km. kw./km., p 
19.5 0.051 0.96 Zé 33 satin eee 0.35 
24.3 0.071 1.78 Zon 0.059 il 7h 
29.6 0.099 Be2e 30 e2 0.078 2.34 
34.0 0.133 4,95 36.1 0.109 3.92 
38.0 0.146 6.49 2 Ae malls A oh Oe Re 5.76 
ASR OMEN itor ciel 9.13 49.8 0.166 9.26 
46.7 0.196 12.51 56.7 0.200 iB} Pit 
52.4 0.224 16.35 62.5 0.223 16.70 
Geom | Me, Meters Asioters 21.00 66.5 0.246 20.00 
62.5 0.285 26.25 CLA a ree ethane oe 24.35 
68.3 0.327 34.40 78.6 0.310 30.95 
fetsi 0.359 40.60 84.4 0.322 37.20 
HOR 0.385 50.50 89.4 0.345 41.90 
SARS a. ae oll eapre 59.50 O55 4 ae lewd thee es 50.50 
90.0 0.430 72.00 99.3 0.395 58.60 
93.6 0.460 83.10 91.0 0.369 45.60 
102.0 0.510 93.40 81.6 0.310 34.10 
OFAG are a oa eters 21.55 
f 52 il 0), Weer 10.46 
39.1 0.126 4.44 
\| 
27.0 0.068 1.74 
Spacing, 61 cm. Spacing, 91.5 cm. 
Radius, 0.032 cm. Radius, 0.032 cm. 
Total cond. length, 0.0838 km. Total cond. length, 0.0838 km. 


6 = 1.03. 6 = 1.012. 
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Test 20B Test 21B 
Eff. kv. to Amp. per Loss Eff. kv. to Amp. per Loss 
neutral, én km. kw./km., neutral, en km. kw./km., p 
GZ AeS: gar We ake tondeo ce. ag-sehe 0.21 19:38" «uate noe 0.81 
ZAC GM ee acu eile eins 1.29 DA Gee lili a ache eee Lan} 
DOMES Slicers stays ee Dalit | ZIAD © | Wa iee atpeenl 2.02 
36.2 0.110 Bical / Olin a tthe eer ees 2.19 
| 
42.0 0.128 5.16 En, eller ene 3.42 
47.0 0.159 6.94 | 39.8 0.129 3.86 
Gone 0.190 9.80 | 44.8 0.156 5.04 
62.0 | On233 14.60 | 50.4 OCLLA 6.47 
| 

6776 | 6.258 19.23 55.1 0.212 8.45 
73.4 | OR2ia 21.12 | 60.6 0.234 10.80 
Lom Lan emarce ek apclonet 26.70 64.6 0.246 12.40 
85.2 0.346 33.10 | 70.0 0.266 15.10 
93.2 0:385 = 1942.70. “i e779 0.310 19.30 
LOOS26 Sets ‘ap CA | S726..8 Dll Seeeeareoeeee 26 .60 
87.0 0.350 35.60 9453 wis |. eee oe 32.60 
76.1 0.298 25.00 LOVED 9e 3 Ae eee 41.00 


Spacing, 122 cm. 
Radius, 0.032 cm. 
Total cond. length, 0.0421 km. 


6 = 1.018. 


Spacing, 183 cm. 
Radius, 0.032 em. 
Total cond. length, 0.0342 km. 
6 = 1,012. 
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Test 22B 


| Test 24B 
Eff. kv. to Amp. per Loss i} Eff. kv. to Amp. per Loss 
neutral, e km. kw./km., p | neutral, en km. kw./km., p 
20 (mel Ae Scena Oni SOCL, Minar ee 0.24 
Pee Sa Pe Oe eee Oe ker PAN Fea UNS oe ekg ait 0.98 
ee tian less) 9 eee a) ht ie UE S220" L aleee eee 1.84 
OU eam lars, ene os 36.0 0.103 3.18 
34.6 | 0.100 2.34 41.0 0.120 4.52 
40.1 Hee OF 121) SHO 45.7 0.138 6.11 
45.2 0.149 4.53 SOS) Re Uline sem radeace coe 8.30 
DORs salva Se wal 57.0 0.185 iit ae 
OAL PU Ieee sere: | C43 62.2 0.210 15.10 
60.2 O22 Pe Oa13 6773 0.240 19.15 
64.6 0.2380 ead 205 72.4 | 0.266 23.20 
ee a | 11.99 7: _ j 90,290 27.50 
ifs tye ot eee | 16.37 SOe8T Een ee cs, 32.10 
87.5 0.345 23.00 CHA stat © EI ihe eae ae 37.90 
94.2 0.380 26.00 O25 Dae ae hs sie 43.80 
103.2 0.417 34.50 OSU alin teks shes oes 50.8% 
OOS a re eek. ate 55.60 
1.9) = OMe TS See she ees 28.70 
CSL ORM Aer. 17.10 
| 7 ed (Od a ae a 9.90 
Spacing, 274.5 cm. Spacing, 91.5 cm. 
Radius, 0.032 em. Radius, 0.057 cm. 
Total cond. length, 0.0342 km. Total cond. length, 0.0818 km. 


6 = 1.012. 6 = 1,0009. 
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Test 26B i Test 28B 
Eff. kv. to Amp. per | Loss Eff. kv. to Amp. per Loss 
neutral, én km. kw./km., p neutral, en km. kw./km., p 
PAU el re cic temsretrie cae 0.37 LGC 8 ee A Bee Ieokcncas. co 0 a 
23.02 0.053 0.98 PAR Die Will, trcncuete rcs cate | ymede. < Rint ene 
PAIN Sa wel Ea ocr ot, Meee oe 2.24 a Ene, eee ee 0.18 
2 SO) ee ils cme rcte are: 3.36 3) Ae ae Mes sun. ete te 0.43 
Shel 9.124 5.14 PAVED Tip Ah trnestt cary Ot otek 0.98 
41.1 0.141 6.60 22.2 0.061 1.34 
46.7 0.173 9.90 24.0 0.069 1.83 
61.3 0.202 12.32 | 25.0 0.072 2.20 
57.1 0.232 18.30 27.0 0.087 2.93 
61.1 0.262 22.30 30.2 0.120 5.00 
66.2 0.290 28.40 34.0 0.157 7.88 
72.0 0.332 36.60 36.7 0.178 10.30 
Th). 8 0.334 40.80 36.7 0.181 10.10 
SOS7a 7a Netrce ae 50.50 40.7 0.212 14.80 
85.0 0.413 56.50 | 44.5 0.265 20.30 
88.7 0.431 64.00 47.1 0.298 24.80 
1 
91.0 0.464 71.40 | a 0.369 35.20 
96.5 0.515 83.40 || 49.6 0.342 30.80 
101.0 0.562 104.00 | 43.0 0.251 18.20 
82.8 0.3896 54.50 | 
74.7 0.333 39.00 
Cao ey AI rt Ps & 33.00 
60.0 0.255 22.40 
Spacing, 0.61 cm. Spacing, 30.5 cm. 
Radius, 0.057 cm. Radius, 0.057 em. 
Total cond. length, 0.08186 km. Total cond. length, 0.0818 km. 


5 = 1.002. 5 = 0.993. 
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Test 30B Test 32B 


Eff. ky. to Amp. per Loss Eff. kv. to Amp. per Loss 
neutral, en km. kw./km., p neutral, en km. kw./km., p 
PAW ADS Tl attest fee ee 0.18 ZOO ah listey aan sere 0.21 
LOL OLW eal hie p esheets 0.92 PHP 0.049 0.31 
a Le OM | eee Ces eee Sl 2.45 32.0 0.062 1.41 
BOR Zee ow le toe <tc 4.30 Syl 0.086 2.70 
40.5 0.138 5.80 ee: 0.100 3.68 
45.7 0.156 8.60 45.6 0.123 5.03 
49.7 0.180 11770 50.3 0.146 7.35 
54.2 0.204 15.30 55.0 0.178 10.18 
59.5 0.238 19.50 60.0 0.194 13.50 
64.0 0.269 24.60 Gomi 0.222 17.40 
68 .2 0.290 29.70 72.0 02257 23.20 
{EAL 0.322 36.30 GUE 0.278 27.60 
78.5 0.352 45.20 82.5 0.298 31.40 
83.5 0.384 54.00 tele ar aot” MIN dae eS 40.00 
88.2 0.441 63.00 OPAC ar 2 eet CR a a 44.00 
95.0 0.486 76.00 SOEZme lect. nko ee 35.80 
96.5 0.500 81.20 OUR a ites hele crcnc tire 20.80 
100.0 0.530 92.00 CS eae teks. caer ae 14.32 
103.0 0.600 114.30 
90.2 0.459 60.20 
79.5 0.356 45.30 
75.2 0.319 38.60 
GOS oe eoecarscel scare cet 26.20 
a Lae rE oh ee saa ane Pan 13.40 


Spacing, 61 cm. 

Radius, 0.071 cm. 

Total cond. length, 0.0815 km. 
6 = 0.98. 


Spacing, 91.5 cm. 

Radius, 0.914 em. 

Total cond. length, 0.0815 km. 
6 = 1.002, 
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Test 33B | Test 41B 
Eff. kv. to Amp. per , Loss | Eff. kv. to Amp. per Loss 
neutral, en km. kw./km., p 1 neutral, en km. kw./km., p 
OMT UIE asa Bares 0.31 | 7 a ee ee PE Re! Ge cx 
ORS PO deters Gn ce ee tape. | Bone .O71 2.72 
Bde ie AT lee coy see eck ee 2.45 41.0 0.108 4.90 
BORG a" WRI am praanebec 3.50 48.6 0.184 10.40 
SOF 3 | Uh oditrater teats « 4.96 Soak 0.208 13°25 
As me Als Ras het entiecaevere 6.37 59.0 0.234 17. 50 
AS eel See Sea tas oS 9.57 63.8 0.265 23.40 
Wye Meals veh tetercuers 12.9 69.4 0.306 30.02 
SOR lk seetece tra sie: 15.5 (ods 0.353 35.70 
GORD eae Hi tee: 20.8 a129 0.325 34.10 
Gbs5° rR, tk Peete ae.: 34.8 60.1 0.244 19.85 
67.0 Prteclr comes ae 2 29.6 54.2 0.210 13.65 
| 
O4SE ~All sa isuanalanareceen 15.3 59.9 Q.250 19-35 
57.0 0.224 16.30 
47.0 0.161 8.87 
Spacing, 61cm. Spacing, 61 cm. 
Radius, 0.0914 cm. Radius, 0.105 em. 
Total cond. length, 0.0815 km. Total cond. length, 0.0423 km. 


6 = 1.006. 6 = 1.001. 
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Eff. kv. to 
neutral, en 


22. 
25. 
29 
35. 


IID ww 


39. 


0,2) for) ao 
oo © (=) 
onnNnN oOo on onnwnn 


0 
ron) 
anton 


Test 45B Test 47B 
Amp. per Loss Eff. kv. to Amp. per Loss 
km. kw./km., p neutral, én km. kw./km., p 

ape case 0.06 45.0 0.080 0.37 
TETRIS ie 0.12 50.0 0.100 0.74 
ies dive peat 0.34 54.5 0.104 1.90 
SCE ee 1.41 60.5 PS RAE 5.76 
Bei aca 2.70 65.7 0.152 9.13 
Sa Re ae 4.78 10-5 0.174 12.60 
Bs aoe ek 8.10 ome 0.205 16.30 
SR etn ey one 10.70 79.0 0.230 18.75 
Oca eet Mea 14.70 87.0 asieeers ene che nuele ALO TOU) 
33 oan eee 19.50 91.7 Wee ees ts bes O 
D5 ee ae 24.80 96.5 spo || Sa8n20) 
3 awh ee 30.10 93.5 0.321 34.10 
See STs ot 37.20 90.0 i Hoheatene forays <3 29.80 
a ee I 43.40 82.0 Reena ofl 570). 
Be ee ee 56.20 75.8 Re cite ole LOmcO 
y aete Ri ree 59.00 58.0 ayia aon, Soh a 4.22 
Cte 80.50 42.6 SORA NA AE 0.49 
Ea Sarewsies as 84.50 40.0 Pe ener 0.24 
Soe Rene ae 52.20 
Pe A wees Meo 10 


Spacing, 61 cm. 
Radius, 0.164 cm. 
Total cond. length, 0.0185 km. 


5 = 0.996. 


Spacing, 91.5 cm. 
Radius, 0.256 cm. 
Total cond. length, 0.0815 km. 
6 = 0.996. 
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Test 48B | Test 49B 
| 
Eff. kv. to Amp. per Loss || Eff. kv. to Amp. per Loss 
neutral, én km. | kw./km., p H neutral, en km. kw./km., p 


Spacing, 61 cm. Spacing, 30.5¢em. 
Radius, 0.256 cm. Radius, 0.256 cm. 
Total cond. length, 0.0815 km. Total cond. length, 0.0815 km. 


5 = 1.00. 6 = 0.996. 
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Eff. kv. to Amp. per Loss || Eff. kv. to Amp. per Loss 
neutral, en km. kw./km., p | neutral, en km, kw./km., p 
62.5 0.159 9.15 2560 O205 Le tag een ie 
68.0 0.190 14.55 SUS. Ge Ul Ricrate attra te eee Be 
72.0 0.220 20.10 SY Aer gum Niche ley oe eS 0.06 
78.0 0.261 28.45 ATE pala ac eee 0.30 
87.3 0.318 40.20 LURAY atlas eee. oe 0.30 
SUA ae BSc Bo pe teen 49.70 EAD NP ca Rh 8 oid 0.49 
325 OLE I fier cree ee 34.60 OSE 2 iyese neeere 1.038 
(Ce i Ae oe ee 22.10 | CO aT I es ees 1.81 
OOO) Re IR eee se es 5.65 | 76.5 0.152 5.08 
OLED Oe ete. co 10.20 78.7 0.164 6.48 
67.2 | Saco ig-c ence Pos75 84.5 0.184 12.22 
| | | 
LA UED Ay 2 SPR Caney Seer ie LONG 89.3 i 0.210 17.20 
| 95.0 0.238 23.90 
99.1 0.263 28.40 
LOZ R2i eee ola Aerasine 31.90 
OTR Laan T, eetinea a: eto 26.00 
OZ AORN nee, eras te 20.90 
Si Omae wi eek een ere 16.50 
UAE Wy ASRS ee eae 5.82 
COPAY cn MEINE ee Att ace eae 9.10 
OLEAN oper eer ae 2.67 
Spacing, 61 cm. Spacing, 91.5 cm. 
Radius, 0.333 em. Radius, 0.464 cm. 
Total cond. length, 0.0817 km. Total cond. length, 0.0825 km. 
6 = 0.999. 6 = 0.982. 


All of the above tests were taken at a temperature of about 25 deg. C. 


Outdoor Line—60-cycle 

Columns 1, 2, and 3 are actual measured values and include 
transformer and lead losses. Column 4, the actual corona loss, 
for the length of line used in the test is obtained from Column 3 
by subtracting transformer and lead losses. 

These tests were made on comparatively long single-phase lines 
out of doors, and the conductor surfaces, etc., were not in as good 
condition as in the case of the indoor line. Transformer losses 
for several temperatures are given. The voltage values are 
effective between lines. 


Test No. 146, Line A! 
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| Test No. 18, Line A 


i Ky. A Kw. line 

ria ; Amp. Ew. aoe a hae * | Amp. a loss, p 
63.5 0.056 | 0.07] 0.01 80.0 0.040; 0.12); 0.01 
80.5 0.077 | O12 |" 0202 90.0 OOO) 02 165 80302 
90.1 0.092} 0.15] 0.02 101.1 0.107} 0.20] 0.04 
107.5 OmI3.1) 073001 Osl2 112.0 Ott 30 O25 WO 205 
11532 02121, 0.35 |) Ont4 121.6 0.123 | 0.30} 0.06 
126.2 Olson OG ee Oron 129.5 OSISIG S035 OL0g 
134.2 0.146} 0.85] 0.55 140.0 0.146] 0.49] 0.16 
142.5 0.154} 1.29) 0.95 150.0 0.160 | 0.76} 0.38 
150.0 0.164) 1.95 | 1.45 160.0 Ost72 ee L260) pelea 
158.0 OLE7sui eee 69a) 2225 152.0 O2162 | 0.90)) Or51 
166.1 0.185 | 4.00} 3.48 164.2 0-174, 2.00) 91255 
165.0 OntS3y esol ta02 172.0 0.187 | 3.40] 2.90 
Liar 0.196 | 5.00] 4.45 183.2 0.205 1) 55.605 5202 
163.4 OMS4 le 2U70u) 2223 188.2 0.210) | 6.92)" 26630 
170.4 0.193 4.20 3.67 196.4 0.223} 9.02 8.42 
181.0 0.198 | 6.06} 5.42 || 262.2 | 0.237 | 11.06 | 10.36 
203 .0 0.251 | 12.84 | 12.04 206.0 0.242 | 12.90 | 12.09 
199.2 06243 11505 10273 187.2 | 0.211 6.95 6.34 
193.4 02227 |; 92 10;)" 8249 196.4 0.225; 9.60) 8.90 
176.4 0.197] 4.74 | 4.17 || | 

/ Total conductor length, 109,500 em. 
165.6 OMS4 22270 |e 2.21 Spacing, 310 em. 
162.8 0.18 2.38 | 1.81 No. 3/0 7-strand hard-drawn copper- 
154.4 OF GOT ie le2 Ss | OSSs weathered cable, diam. 1.18 em. 
166.0 0.176 | 2.94] 2.45 || Temperature, wet, 16 deg. C. 

dry, 18.5. 

184.4 0.198 | 6.49 5.87 Barometer, 75.5 em. 
172.0 0,193) 3.85) 803k Bright sun, wind. 
160.0 OL 2xOsaae or Test No. 146, Line A 
146.2 0.162 0.80} 0.42 Total conductor length, 109,500 em. 

Spacing, 310 em. 
138.0 0.150] 0.52) 0.19 No. 3/0 7-strand eable, dia. 1.18 em. 
127.6 0.137 | 0.40} 0.12 || Temperature, wet, 24 deg. C. 
122.5 | 0.129} 0.33) 0.08 dry, 30 deg. C. 
111.2 0.117 0.25 0.04 | Barometer, 75.7 em. 
101.0 0.105} 0.20; 0.08 Hazy. 


1This curve (vas taken after the line had been standing idle over’a month in the 
summer, The “going up” points show an excess loss due to dust and dirt on the conductor, 
This disappears at high voltage and does not show in the “coming down” readings. 
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Test No. 102 

Ky. bet. Kw. line 

lines AnD. ahi loss, p 
201.0 0.232 | 6.05 | 6.65 
211.0 0.277 |} 9.10} 8.68 
189.0 O.210)| 53.54) 7 3al9 
181.8 0.200} 2.36; 2.04 
170.8 0.189} 1.10; 0.80 
160.0 0.176 | 0.60} 0.36 
149.0 0.162 | 0.36 | 0.16 
201.0 O23 1 Gy Loy yr oa7o 
149.0 OF1629/ 10239 |) 0219 
140.5 0.150) | 10229) |) 0.12 
135.5 0.145 0525 0.10 
124.5 Moise! WPA) One 
1S 0.118 | 0.16] 0.08 
102.3 OrlOSseOL 13s 0207 
Total conductor length, 109,500 em. 
Spacing, 310 cm. 
No. 3/0 7-strand H. D. copper- 

weathered cable, diam. 1.18 cm. 
Temperature, wet, 1 

dry, 1 

Barometer, 7.47 cm. 
Cloudy. 
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Test No. 84, Line A || Test No. 105, Line A 
|| 
Ky. bet. Kw. line Iv. bet. Kw. line 
lines = paw | loss, p lines ae ue loss, p 
| 
120.0 0.138 0.24 (ales, 79.8 0.080 0.03 0.01 
129.0 (0), 185,0) 0.30 OzL9 Vi POEs 0.093 0.04 0.01 
160.0 0.175 0.78 0:61 |} 101.5 0.106 0.06 0.02 
181.0 0.202 3 (075, 3.40 109.5 0.114 0.08 0.03 
189.0 0.212 4.65 4.36 120.5 0.127 0.10 0.04 
203 .0 0.237 7.84 7.48 130.0 0.139 0.14 0.06 
213.0 | 0.252 | 11.20] 10.78 || 141.5 | 0.154} 0.19] 0.09 
205.0 | 0.239| 8.70] 8.18 || 147.0 | 0.165] 0.21] 0.08 
| 
| 153.6 | 0.168] 0.25] 0.12 
Total conductor length, 108,500 em. | 159.0 0.178 0.30 0.16 
Spacing, 310 cm. || 169.8 | 0.199] 0.51] 0.35 
No. 3/0 7-strand cable (H. D. copper- 174.0 0.190] 0.70 0.53 
weathered), 1.18 cm. 
Temperature, wet, 1 deg. C. 181-0. F.02198.| 22007 Ee 
dry, 3 deg. C. 186.2 | 0.204] 1.74] 1.55 
Barometer, 75.2 cm. 192.6. P0212 | 52270 he e4g 
Cloudy. 200.6. | 0.221| 4.00] 3:77 
208.6 0.237 5.60 5.34 
216.0 0.247 | 7240 adele 
| 221.0 0.259} 9.00} 8.70 
| 227.0 0.271 | 11.00 | 10.66 
| 234.0 | 0.288] 13.60] 13.25 
| 189.0 0.210 2.30 2.10 
195.0 0.217 3.10 2.88 
203.8 0.229 | 4.96] 4.72 
212.0 0.242 6.70 6.44 
219.0 0.257 8.60 8.31 
Total conductor length, 109,500 em. 
Spacing, 310 cm. 
No. 3/0 7-strand H. D. copper- 
weathered cable, diam. 1.18 em. 
Temperature, wet, 13 deg. C. 
dry, 13 deg. C. 
Barometer, 76.2 em. 
Bright sun, no wind, snow on ground. 


rene ee  e  e 
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Test No. 100, Line B | Test No. 73, Line B 
Ky. bet. a Kw. line Ky. bet. Z Kw. 1 
lines aBD: | i a eed arn: Kw. Ee 
G7 O08) alee 0.05 E0-62,14) Asr0 uh Octo cen Aiea ene 
TERY 0.025 0.03 Of027 Wiis 6070 ONO22 siepye tes celle meen 
88.0 0.028 0.05 0.02 69.7 0.026 0.08 0.06 
98.9 0.035 0.07 0.038 80.6 0.030 0.10 0.07 
109.5 0.040 0.12 0.07 90.5 0.084 0.15 0.11 
119).5 0.043 (a2? 0.14 101.5 0.038 0.30 0.26 
128.0 0.050 0.42 0732 91.0 0.034 0.09 0.05 
137 0.054 0.90 0.78 90.5 0.034 0.10 0.06 
144.0 0.060 | 1.94 1.80 OMS 0.026 0.06 0.04 
161.2 0.078 4.50 4.31 101.6 0.038 ORL, 0.12 
153.0 0.070 3.04 2-88 | 101.6 0.088 0.17 0.12 
173.8 0.090} 6.60] 6.47 109.5 0.041 | 0.40) 0.36 
185.0 0.103 8.72 8.36 105.5 0.040 0.14 0.09 
200.0 0.106 |} 11.90 | 11.59 115.0 0.040 0.14 0.09 
185.0 0.103 8.76 8.50 1H 20) 0.0425) 0.88 0.82 
159.0 0.078 | 4.10} 3.92 121.5 | 0.048] 0.16] 0.09 
139.0 0.058 L522, 0 126.5 0.053 2.00 1.93 
161.2 0.080 4.70 4.51 130.5 0.055 2.48 2.40 
211.8 135 | 14.80 | 14.46 140.5 0.064 3.70 3.61 
144.5 0.073 | 4.26) 4.16 
Total conductor length, 29,050 cm. AVP wid On ee 0.03 0.00 
Spacing, 91.4 cm. 91.5 | 0.030} 0.06 | 0.02 
0.375-in. galv. steel cable, diam. 106.0 0.038 0.18 0.13 
0.953 cm. 150.0 0.078 | 4.80} 4.69 
Temperature wet, 1 deg. C. 
dry, 1 deg. C. | 156.4 | 0.083] 5.80] 5.68 
Barometer, 74.7 cm. | 161.0 | 0.089 | 6.72 | 6.67 
Cloudy. 166.0 *) 0.093: | -7.50 | 7.36 
Total conductor length, 29,050 cm. 
Spacing, 91.4 cm. 
0.23-in. galv. steel cable, diam. 


0.585 cm. 
Temperature wet, 1 deg. C. 
dry, 3 deg. C. 
Barometer, 75.2 cm. 
Cloudy. 
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Test No. 79, Line B Test No. 80, Line B 
Ky. bet. Icw. line Ky. bet. Kw. line 
lines Amp. Kw. loss, p lines foe as loss, p 
213.0 0.105 | 8.64}; 8.38 81.0 0.029 | 0.07] 0.04 
205.0 0.010} 7.68) 7.40 91.0 | 0.0382 | 0.09 | 0.05 
202.0 0.094} 7.40] 7.13 100.5 OP0S5 ap OnL2 sia 020.7 
185.0 0.088 | 6.00} 5.80 110.5 0.038 | 0.16 0.11 
181.0 0.081} 5.00} 4.80 120.5 0.041} 0.40] 0.34 
168.4 0.072] 3.96] 3.81 130.5 6.048 | ‘1.30 1.22 
159.6 0.063 | 3.00} 2.88 139.5 ONOSaa T2225 eae 
150.0 0.058 | 2.24} 2.13 153.0 | 0.067 } 3.20 | ,3.09 
138.0 0.048 | 1.14] 1.06 160.0 | 0.075 | 4.40} 4.28 
120.0 0.043 | 0.20} 0.14 172.0 | 0.084} 5.70] 5.54 
1203020 slept 0.26 | 0.20 181.0 0.094 | 7.00] 6.82 
110.0 0.071 0.19 | 0.14 192.0 0.103 | 8.50} 8.28 
99.0 O2063 a Ueland 199.0 0.109 | 9.40 | 9.15 
| 213.0 0.124 | 11.70 | 15.38 
Total conductor length, 29,050 em. 1 
Spacing, 244 cm. Total conductor length, 29,050 em. 
0.23-in. galv. steel cable, diam. 0.585 || Spacing, 152 em. 
cm. 0.23-in. galv. steel cable, diam. 
Temperature, wet, 1 deg. C. 0.585 em. 
dry, 3 deg. C. Temperature, wet, 1 deg. C. 
Barometer, 72.5 cm. dry, 3 deg. C. 
Cloudy. Barometer, 72.5 cm. 


Cloudy. 
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Corona Loss—Ovrpoor Linr—60-cycLe 


Test No. 125, Linc B i Test No. 126, Line B 
eye Amps | Ke oe ee ee Amon gey kw. me ee 
80.0 0.025 0.06 0.05 || 100.0 0.031 0.12 0.09 
88.0 0.03 0.13 Ora 110.0 0.037 0.22 (0) 3t7/ 
101.0 0.037 0.32 | 0.29 119.0 0.041 0.44 0.36 
110.0 0.041 0.74 0.68 PSO 0.050 1.36 1.22 
120.0 0.050 1.67 1.59 142.0 0.056 2.38 2.16 
128.0 0.056 2.56 2.44 ilawe 6) 0.065 3.23 2.92 
140.0 0.067 4.00} 3.80 169.0 0.074 4,20 3.78 
150.0 0.08 5.42 gee | a Ale: 0.082 5.45 4.93 
159.6 0.09 6.86 6.46 || 181.0 0.09 6.56 5.89 
168.4 0.101 8.3 7.80 || 194.0 0.102 8.20 7.34 
181.0 0.112 | 10.26 | 9.68 || 202.0 | 0.111 | 9.26] 8.30 
190.0 0.122 | 12224 Wa 2120.0 0.117 | 10.84 9.74 
201.0 0.134 | 14.68 | 13.61 222.0 0.128 | 12.44 | 11.18 
213.0 0.148 | 17.28 | 16.14 231.0 OF7185 | 13.80) ) 12.38 
206.0 Ons A wether Ola ele225).0 0.129 | 12.88 | 11.58 
196.6 0.128 | 13.60 | 12.70 217.0 0.124 | 11.64 | 10.45 
| 
186.2 | 0.117] 11.44] 10.69 || 205.0 | 0.112| 9.70] 8.70 
175.0 0.103 9.20 8.59 || 196.6 0.104 | 8.56 7.68 
165.6 0.096 Tithe deal 186.6 | 0.096 iad 6.56 
153.4 0.083 OZ Mew OE DT, 176.0 0.086 6.12 5, 51 
143.0 0.074 4.56 4.33 165.0 | 0.078 | ~4.96 4.49 
134.0 0.064 3.34 Sc18.) |) (56.4 0.C69 | 3.96 3.59 
123.0 0.053 2.00 1.90 || 142.4 0.056 | 2.46 2.24 
114.0 0.044 1.00 0.94 || 134.0 0.051 | ~ 1°60 1.45 
104.0 0.038 | 0.38| 0.34 || 125.0 | 0.044; 0.82) 0.71 
| = = = —— 

Total conductor length, 29,050 cm. Total conductor length, 29,050 cm. 

Spacing, 91.4cm. | Spacing, 183 em. 

No. 4 H. D. copper wire, diam. 0.518) No. 4 H. D. copper wire, diam. 
cm. 0.518 cm. 

Temperature, wet, 5.0 deg. C. Temperature, wet, 5.0 deg. C. 

dry, 4.6 deg. C. dry, 4.5 deg. C. 
Barometer, 75.9 cm. Barometer, 75.9 cm. 
Cloudy, slight breeze. Cloudy, slight breeze. 
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Test No. 137, Line B Test No. 138, Line B 

Kv. bet. Kw. line Kv. bet. “ Kw. line 
ice a o loss, p lines azo = loss, p 
SOO! Pages cneexes> 0.05 0.02 | 1D 32 ll NO ae ete 0.06 0.03 
90.5 0.025 0.11 0.06 91.2 0.025 0.12 0.07 
100.5 0.029 0.35 0.26 || 99.9 0.027 0.26 0.18 
110.7 0.037 0.95 0.78 i 111.4 0.036 0.08 0.65 
121.0 0.044 1.42 1.19 } 120.8 0.039 1.22 1.06 
131.0 0.051 2.11 L7G ee ies 0.049 1.90 1.59 
141.5 0.056 2.70 2.26 || 141.0 0.055 | 2.30 2.20 
150.8 0.064 3.24 Dale 149.0 0.059 2.80 2.34 
161.0 0.072 4.05 3.40 161.0 0.066 3.40 2.85 
172.0 0.078 4.80 4.05 171.4 0.074 4.20 3.00 
183.0 0.084 5.60 4.73 181.4 0.079 4.80 4.05 
196.0 0.093 6.60 5.59 192.0 0.085 5.60 4.73 
20520 0.102 7.60 6.44 202.2 0.092 6.56 DLOe 
202 .0 0.098 7.30 6.19 || 214.4 0.11 7.50 | 6.35 
186.0 0.087 6.00 5.08 || 197.0 0.089 6.10 | 5.15 
165.0 0.075 4.30 3.63 | L742 US OF 07 GR ae 0 Bier All 
145.0 0.061 2.86 2.40 i 153.2 0.063 3.00 2.51 
124.0 0.047 Ihara: 1.46 | 134.4 0.G51 2.00 | 1.67 
103.0 0.032 0.60 0.47 =| 


‘ | Total conductor length, 29,050 em, 
Total conductor length, 29,050 em. "Spacing, 488 em. 


Spacing, 366 cm. | No. 8 new H. D. copper wire, diam. 
No. 8 new H. D. copper wire, diam. 0.328 em. 


0.328 cm. | Temperature, wet, — 1.5 deg. C. 
Temperature, wet, 1.5 deg. C. | dry, + 1.5 deg. C. 
dry, 1.5 deg. C. : 
Barometer, 76.6 cm. 
Bright sun, slight breeze. 


| Barometer, 75.5 em. 
| Bright sun, slight breeze. 
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Test No. 92, Line B Test No. 95, Line B 
Poe ‘ are an Cee ett : eee mor ee 
27.5 OL O08) coat eka iemee real 222.0 | 0.115 | 8.80] 7.00 
34.5 (SU OON iets oe etal gana ole 199.8 0.104 6.80 5.38 
39.5 OLO11 Gin eet Al een. 181.0 0.089 5.36 4.24 
44.5 0.013 | 0.02 0.01 158.0 0.076 3.80 2.98 
51.0 0.015 | 0.05 0.04 140.0 0.064 2.84 2.24 
56.5 OROL a POLO 0.09 120.0 0.053, 1.92 1.44 
61.5 0.019 | 0.22 0.20 LOZ OM ere ce LSet 0.96 
66.5 0.023 0.37 0.31 91.5 0.034 0.93 0.75 
TAO) 0.024 | 0.49 0.40 79.5 0.028 0.63 0.51 
76.0 0.028 | 0.60 0.49 || 68.7 0.021 0.63 0.52 
83.0 0.032 | 0.81 0.66 Sail 260700 400174) 0, 18) 0.16 
90.5 0.0387 | 1.07 O2S3T ii) 5020 O30 TA erste i coeur 
101.0 0.041 | 1.43 1.17 Total conductor length, 29,050 em. 
110.5 0.050 | 1.80 | 1.46 || Spacing, 550 cm. 
120.5 0.055 | 2.30 1.88 0.066 in. galv. steel wire, diam. 
131-5 0.060 | 2.80 | 2.28 168 cm. 
|| Temperature, wet, 1.0 deg. C. 
144.5 | 0.068| 3.50 | 2.84 || dry, 3.0 deg. C. 
158.0 | 0.081 | 4.40 | 3.57 || Barometer, 75.0 cm. 
170.0 | 0.086 | 5.30 | 4.33 || Cloudy, no wind. 
181.0 0.094 6.18 SeLowal| 
A 
190.0 0.099 | 6.70 5.43 | 
204.0 0.110 | 8.00 6.50 
215.0 0.117 | 9.00 7.30 
222.0 0.123 | 9.64 7.84 | 
Total conductor length, 29,050 cm. 
Spacing, 410 cm. | : 
0.066-in. galv. steel wire, diam. 168 
em. | 
Temperature, wet, 0.5 deg. C. | 
dry, 2.0 deg. C. 
Barometer, 75.0 
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TRANSFORMER Loss 


* Ky. Amperes Kw, | Ky. Amperes | Kw. 


101.5 71.5 0.02 
131.5 0.010 0.15 2.0 0.006 0.03 
147.3 0.011 0.25 97.0 0.007 0.05 
112.0 0.06 

8 0.09 


COMPARISON OF THREE-PHASE AND SINGLE-PHASE Corona Loss 


Measurements and Calculations on Experimental and Commercial 
Lines 


THREE-PHASE Corona Loss on A 683,500 Cm. ALUMINUM (STEEL CoRE) 
CONCENTRIC STRANDED CABLE 


Long Commercial Line 
61 strands 
2.44 em. diameter 
Individual strands 0.268 em. diameter 
(Indoor Line) 
Temperature = 11.0° C. 


Barometer = 720 mm. my = 0.90 Conductors in “same 
Elevation approximately 450 m. horizontal plane— 
(Air density) 6 = 0.994 f = 50 cycles Spacing = 5.80 m. 
(factor) Height (at towers) = 
11.3 m. 
Three-phase corona loss in kw. per km. 
Ky. (eff.) between : 
ines Ky. (eff.) to neutral 
Measurements Calculation 
274 158 10.9 11.0 
269 156 8.0 8.0 
256 148 3.4 2.6 
242 140 yi 0.1 
230 133 Wal 0 
216 125 0.6 0 
201 116 0 0 
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At 6 = 1.00 €) = 189 kv. to neutral 
p = 0.0262(e — 139)? kw. per kilometer 
Measurements on 31.4 kilometer section of commercial line of Southern 
California Edison Co. 
Woon, R. J. C., Elec. World, p. 277, Feb. 11, 1922. 
, Elec. World, p. 882, May 6, 1922. 
, Jour., A.J.E.E., Vol. XLI, p. 471, 1922. 


THREE-PHASE Corona Loss Tzst on A 163.5 K1tomeTER COMMERCIAL LINE 
110,000 Circular Mil Copper Cable 


7 strands 
r = 0.48 em. 
Elevation (approx.) = 230 meters Conductor in same vertical plane. 
Temperature = 5° C. Spacing = 3.66 m. 
Barometer = 745 mm. Height (lowest conductor) = 8 to 
Weather = Cloudy 12 m. 
f = 30 cycles Transformer connection: 
Line normally operated at 140 ky. Delta-Wye. 
Kilovolts (effective) between lines 3-phase corona loss in kw./km. 
Sending end Receiving end |Average kv. (eff.)| ‘Measured Calculated 
102.0 97.8 99.9 0 0 
112.0 109.8 110.9 0.012 0.018 
122.1 121.1 121.6 0.14 0.66 
13225 132.5 132.5 0.55 2.28 
142.5 143.9 143 .2 3.42 4.76 
Tie 155: 1 153.9 8.50 8.24 
163.2 166.2 164.7 14.3 12.7 
173.5 Vie 175.4 20.6 18.1 
183.8 188.1 186.0 Died 24.3 
194.1 199.0 196.6 34.5 31.4 
204.1 209.5 206.8 41.0 Blo 
214.8 220.0 217.4 47.6 48.0 
225.0 229.8 227 .4 54.0 57.4 


Calculated 5 108.9 kv. effective between lines 
@ = WAGs) ey 


Measurements on 30-cycle, 140,000-volt line of the Consumers Power 
Company. (Lewis, W. W., Trans. A.J.H.E., Vol. XL, p. 1079, 1921.) 
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CoMPARISON OF THREE-PHASE AND SINGLE-PHASE CORONA Loss ON A 
600,000 CircuLar Mit ConceNnTRIC STRANDED CABLE 


61 strands 
ry = 1.13 cm. 
(Indoor Line) 
New conductor, mo = 0.81 = 0.974 Conductors in same horizontal 
Fair weather, m, = 1.00 60 cycles plane. Spacing = 3.90 m. 


Height = 7.5 m. 
Length of each conductor (approximately) = 30 m. 


Three-phase corona loss Single-phase corona loss 

Ky 

(eff) Kv. (eff) | Kw./km. | Kw./km. | Kv. (eff.) | Kv. (eff.) | Kw./km. | Kw./km. 
be- to three per con- between to single- per con- 
tween neutral phase ductor | lines neutral phase ductor 
lines | 

272 157 79.5 26.5 314 157 aay | 26.4 
257 149 56.4 18.8 298 149 35.8 17.9 
242 140 35.1 ihe 282 141 23.0 Lied 
233 135 25.0 8.3 270 135 16.4 8.2 
220 127 igae 5.7 257 128 12.1 6.0 
207 120 10.8 3.6 240 120 8.8 4.4 
198 115 8.5 2.8 228 | 114 6.2 3.1 
189 LOSR 5.0 lees 215) fee LOS | 4.1 2.0 


Notr.—Excess loss at low voltages partly due to rough new conductors. 


2. DIRECT-CURRENT TESTS 
(Tests from Peek, A.I.E.E., June, 1916, unless otherwise noted) 


Spark-over and Corona in Air 


Sphere Gaps.—The direct-current voltage required to spark-over a given 
spacing is the same as the maximun alternating current. 


Tasie I.—A.c. anp D.c. SpaARK-ovER VotTaGeEs or 2/0 NEEDLES IN AIR 


Spacing, cm. mn ear t: a ees 
5.1 51.0 52.0 
7.6 62.5 63.0 

10.2 76.5 73.5 
12.7 88.3 82.5 
15.3 98.3 90.5 


5 = 0.98 Hum. = 34 per cent. 
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Taste Il.—D.c. anp A.c. Visuat Corona AND SPARK-ovER VOLTAGES 
(Concentric Cylinders—Normal Air Density 6 = 1) 


Corona Spark-over 


R 
radius H ante 
outer a R/r . a ¢ Dio; gi Die. A.e. D.c. | GOcy.}| D.c. | D.c. 
cylinder, cm ; kv 7 ++ a QJvmax dv kv. + — 
cm, : (nas) kv. kv. |kv./em.jkv./em.| max. |_ kv. kv. 
| | 
3.81 0.0038 1000.0 9 186.0 5244.0) 5. . Vibrates be- 
3.81 0.0129} 295.0 8.4 113.0 | 113.0 | 70.0 |fore sparkover 
3.81 0.0573} 66.5 17.2 CLES 71.5 | 40.0) 52:8 | 6120 
3.81 0.130 29.3 25.2 56.9 56.9 | 25.5 | 48.8 | 54.5 
3.81 0.239 16.0 33.5 51.0 51.3 | 33.9 | 47.5 | 52.8 
3.81 0.635 6.0 43.9 42.9 43.0 | 48.1 || 49.5 | 53.2 
3.81 1.110 3.4 me 49.5 49.6 | 54.5 |} 54.5 | 55.5 


Taste IT].—D.c. anp A.c. Visuan Corona VoLTAcEes 


(Concentric Cylinders at Various Air Densities) 


R A.e. 
radius ee cale D.e. D.c. ane | oe ae: 
outer eal Rye 5 60 cy. + - cue Yo oe 
cylinder ware kv ky. ky. Be a - 
em. 5 (max.) |kv./cm.|kv./em. 
cm. (max.) 
2.90 0.239 12.1 | 1.00 30.0 30.0 30.0 | 50.5 50:5 | 50.5 
2.90 0.239 12.1 | 0.915 28.0 27.8 27.8 | 47.0 46.8 | 46.8 
2.90 0.239 12.1 | 0.857 26.3 crores 26.2 | 44.2 avate 44.0 
2.90 0.239 12.1 | 0.824 2527. 25.5 ais) peda Ne corard 
2.90 0.239 4204, | OF T97 25.1 niet 25.1 | 42.2 Peco | Aenea 
2.90 0.239 1227 | 05720 23.1 23.1 5ésa. || ites 38.8 
2.90 0.239 12.1 | 0.680 22.1 Seat DAN IN | celta S Cio E ll tera 98 
2.90 0.239 12.1 | 0.550 19,1 19.2 19.3 | 32.1 82.2 | 32.4 
2.90 0.239 12.1 | 0.435 15.7 Ts 16.0 | 26.4 26.4 | 26.9 
2.90 0.239 12.1 | 0.357 13.5 {3.5 rae 22.7 DOT [i oreies 
2.90 0.239 12.1 | 0.260 10.7 10.9 11.6") 18.0 18.4 | 19.5 
2.90 0.239 12.1 | 0.082 4.8 4.4 4.6 8.07 hia 7.75 
el a IE A A | ee eee 
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Taste 1V.—Comparison oF Resuuts! 
Critical Surface Intensity: Kilovolts per Centimeter 
Alternating current Continuous current 
; 5 White- White- 
ae i White- Peek is ao head & Tarwell head & Farwell 
ee head ai = Brown aa Brown — 
em. Brown re é 


1Whitehead, A.I.E.E., Feb., 1917. See also Whitehead, A.I.E.E., June, 
1920. 


TasBLE V.—D.c. SPARK-OVER OF PIN TypPE PEDESTAL INSULATORS 


D.c. spark-over—kv. 
60-cycle spark-over 
Insulator number ian 

Top + Top — 
1 191 154 230 
2 226 230 
3 283 BED |. Uh ae ae. eee 
4 212 200 229 


D.c. Spark-over in Oil 


Taste VI.—D.c. anp A.c. SPARK-OVER Tests oN 2/0 NexEpuxes In No. 8 


TRANSIL O11 aT 25 Dua. C. 


Needle gap, 60 cycle D.e. 
cm. kv. (max.) kv. (max.) 
0.317 21.2 PAY 
0.635 34.7 33.5 
1.27 50.5 50.2 
1.91 65.0 66.0 
2.54 86.5 82.5 


D.c. Strength of Solid Insulation 
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TaBLE VIL—Varration or 60 CyciE Puncture VoLTacp witH Timp oF 
APPLICATION ON VARNISHED CAMBRIC 


Tests Between 2.5-in. Plates, 114-in. Radius Edge, in No. 6 Transil Oil 


Temperature, Thickness, ky. Time, 
a Ce | Gheots mm. (max. ) sec, 

25 | 1 0.30 24.8 | 2.3 

(12 mils) 21.3 12.0 

19.5 ee 83 

Woz 41.5 

15.9 198.0 

14.2 900.0 

100 1 0.30 14.5 2.0 

| 13.2 7.0 

L256 NO) 

12.0 25.0 

10.8 620.0 

9.9 1400.0 

25 2 0.60 29.8 213.0 

26.7 700.0 

25.6 1418.0 

25 3 0.90 53.0 8.0 

45.2 51.5 

42.5 80.0 

41.7 138.0 

38.9 370.0 

37.1 905.0 

25 4 1.20 69.3 4.0 

65.0 13.0 

64.3 15.0 

: 55.8 39.0 

53.0 80.0 

50.8 155.0 

47.3 580.0: 
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Taste VIII.—Variation oF D.c. Puncrure VOLTAGE WITH TIME OF 
APPLICATION ON VARNISHED CAMBRIC 


Tests Between 2.5-in..Plates, 1}4-in. Radius Edge, in No. 6 Transil Oil 


Temperature, | Sheed Thickness, kv. Time, 
deg. C. | mm. (max.) sec. 

25 1 0.30 28.8 8.3 
27.2 20.0 

25.5 54.0 

23.8 94.0 

22.1 363.0 

20.4 668.0 

13.8 5400.0 

100 1 0.30 21.0 1.5 
20.3 2.0 

19.6 38.0 

18.6 72.0 

1720 600.0 

15.9 470.0 

15.2 1920.0 

25 2 0.60 §2.5 26.0 
50.0 50.0 

47.0 230.0 

25 3 0.90 80.3 68.0 
77.5 130.0 

Ui bee 350.0 

75.5 1400.0 

25 4 1.20 127.2 7.0 
120.0 16.0 

115.2 45.0 
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TaBLE [X.—A.c. anp D.c. Puncrurs Voutraces oF VARNISHED CAMBRIC 
FOR VAR:0US THICKNESSES AND TIME or APPLICATION 


Time of application, seconds ro) 100 50 10 2 
Shecks Thickness, Kilovolts to puncture 
mm. (max. ) 
1 0.30a.c. | 11.0 16.5 17.5 20:5 | 26.6 
0.30 d.ec. i 18.0 23.5 24.5 PX ob) 32.5 
2 0.60 a.e. 20.0 31.0 33.0 39.0 47.0 
0.60 d.e. 43.0 49.5 51.0 55.5 62.5 
3 0.90 a.c. 30.0 42.0 45.0 52.0 62.0 
0.90 d.c. 70.0 79.0 81.0 86.0 95.0 
4 1.20 a.c. 37.0 52E0 55.0 64.0 78.0 
120) dic: 96.0 SEO: 114.0 123.0 137.0 
Gradient Kv. per Mm. (Max.) 
1 0.30 a.c. 36.6 55:0 58.5 68.5 85.6 
0.30 d.c. 60.0 75.0 82.0 92.0 108.0 
2 0.60 a.c. 33.3 51.5 55.0 65.0 78.0 
0.60 d.c. 72.0 82.0 85.0 92.0 104.0 
3 0.90 a.c. * 33.3 46.5 50.0 57.9 69.0 
0.90 d.c. UGS) 87.5 90.0 95.5 105.0 
4 1.20 a.c. 30.9 43.3 45.8 53.2 65.0 
1.20 d.c. 80.0 92.5 95.0 102.0 106.0 
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8. STRENGTH OF AIR FILMS 


Corona Trests on Ark Firms Between Two Guass Puatss 
: (60 ~.—Glass Plate on Each Electrode) 


. r= 
Thickness, starti Strength of | 
brewecas tok Se Temp. | 
Per ./CM. Max. pressure 
) cee reduced to = 1 | deg. C. & 
: muittivity mum 
. | Both t 
glass : 
= | plates : EB. Ga Ps | 
; - 
0.0025 | 0.910 7.2 | 0.96 | 22,200 | 162.0) 196.0) 285 | 73.6 
0.0053 }.0.910/ 7.2 | 0.96 | 17,400.| 137.0 | 139.0] 285 | 73.6 
0.0120 | 0.910 7.2 | 0.96 | 10,600 | 88.0] 95.0] 285\| 73.6 
- 
0.028 | 0.910/ 7.2 | 0.96 9,350 | 63.0) ~ 59.0) 285 | 73.6 
0.0562 | 0.910] 7.2 0.96 | 9,050 53.0/ 50.6] 285 | 73.6 
0.122 | 0.910) 7.2 | 0.96 | 10700 | 44.5) 44.5] 285 | 73.6 
0.275 | 0.910, 7.2 0.96 | 14300 | 36.8| 39.3] 235 | 73.6 
0.455 | 0.910) 7.2 0.96 | 19100 | 35.6] 36.8 ) 285 | 73.6 
’ | ’ 
0.0051 | 0.910 | 9.3 0.74 7,660 | 101.0 / 143.0) 14 | 72.9 
0.0122 | 0.910) 9.3 0.74 7,050 | 96.5 | 95.0 | 114 | 72.9 
: : ’ 
0.0260 | cad 9.5 | 0.73 | 5180] 58.5|/ 59.6] 120 | 72.9 
0.0560 | 0.900] 9.4 0.73 3890 | 53.0/ 50.6 | 116 | 72.5 
0.120 | 0.900, 9.4 0.73 | ee7o | 42.4) 484] 117 
0.275 | 0.900; 9.3 0.73 | 10,100 | 387.3] 39.0} 214 | 72.5 
0.455 | 0.900 9.3 0.73 | 24,160 35.1} 36.8] 116 | 72.5 


Corona on Air Films Between Tape Insulated Conductors 


‘ oF 3] 72.8 
‘ ¢ 73 33,400 | 36.2 | 35.1 107 72.8 
-_ooeo--:. ee Oe  — —————— 
Qa = strength of entrapped film. 
gs = strength of film between metal spheres. 
See Dubsky, Dielectric Strength of Air Films Entrapped in Solid Tnsulation, A.LELB. 
Peb., 1914. 
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SPARK-OVER OF Gaps AT SMALL SPACINGS AND Various Arr Densities 
a I a EEE i EE BI he he as Ne Fh Sr SG 


Spark-over, volts 
(Max.) 


c= 


p = pressure, cm. 


§ = 


2700 
3750 
4580 
5600 
6530 
7370 
8210 


spacing, cm. 


relative air density. 
Paschen’s Law: To find spark-over voltage multiply pressure or density 
by spacing and find corresponding Emaz. 


wyrosoosssooo$ 
— 


én 


0. 
000197 


000132 


000264 
000394 
000526 


.000660 
.001320 
003950 
.00660 
.00920 
.01270 


02540 
03820 
05100 
07650 
1020 
1270 
1520 
1770 


.2010 
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4. THE EFFECT OF TRANSIENT, IMPULSE, OR LIGHTNING 
VOLTAGES ON AIR, OIL, AND SOLID INSULATION 


The following tests were made by means of the original impulse genera- 
tor... Unless otherwise noted, the impulses correspond to single half cycles 
of sine waves of the indicated frequency. The time of application is, 
therefore, generally not more than a few microseconds! (millionths of a 
second), 

Wave Shape 
Tasty 1.—Imputsp SparK-oveR VOLTAGES OF NEEDLES AND SPHERES 
(Effect of Wave Shape) 


Needle gap RE eos 
Contin- Contin- 
uously | Impulse uously | Impulse 
applied | spark- : 3 applied | spark- 
Spacing, cm. ee ~) oes mick 5 eas (60 ~) Ans ek 
spark- kv. spark- kv. 
over kv | (max.) over kv.| (max.) 
(max.) (max.) 
Wave No. 1 (Sine Shape) 
2,30 26.5 36.5 | 1.34 15 35.5 35.5 | 1.00 
3.50 38.0 60.0] 1.58 2.00 59.0 60.0 | 1.02 
4.50 45.0 | (Piers |) vibra 2.60 75.0 Vio eeaOSs 
ols, al 49.1 | 91.0 | 1.86 | 3.00 87.0 90.0} 1.05 
5.40 SLA2NOZ. OF le 99 
6.10 56.2 | HIS20, 2200 
6.70 59.0 | 119.0 | 2.02 
R = 520 ohms C = 0.0005 X 10—-* farads 
. I, = 0.312 X 10—* henrys 
Wave No. 4 
8.80 VOR Saloon p ante G 2.60 80.0 Sieh 7502 
12.50 Sic! ko: Ou La 20 3.5 103.0 | 105.0 |} 1.02 
21.00 127. 0y\" 145.0) 15445 | 5.40 9) 145 04 14S e000 
23.80 141.0, 163.0} 1.16 6.50) 7" 15905) 163704 12.02 
26.40 152.0} 180.0] 1.18 | 
30.50 171.0 | 207.0 | 1.21 | 
Rk = 6800 C = 0.004 X 10-6 farads 
L = 0.604 * 107’ henrys 
Wave No. 1 
Time, microseconds.............. O20) O;1 0520025 1 ee oe 
Per cent. max. kve... eae e eee 0 52 75 100 48 —10 0O 
Wave No. 4 
Time, microseconds.............. Of0m OL 1 O62 Oro te Omer omen 
Per cenit xs Kove eater eee eee 0 32) oe LOU mE OS EE OG 88 


Wave No. 1 approximately half cycle sine wave. 
Rk, L and C constants of impulse circuit. 


‘Prrx, “The Effect of Transient Voltages on Dielectrics,’ Trans 
A.1.E.E., p. 1857, 1915. 
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Time Lag—Frequency 
TABLE I],—VartraTION OF SPARK-OVER VOLTAGES OF SPHERES AND NEEDLES 
ror Sinete Haur Cycies or Sinr Waves CorrEsPonpDING To 
DIFFERENT FREQUENCIES 


SO a ae 
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Needles Spheres 25 cm. 
60 ~ Impulse 60 ~ Impulse 
Spacing, spark- spark- Impulse | Spacing, spark- spark- Impulse 
om. over over ratio em. over over ratio 
kv. (max.) | kv. (max.) kv. (max.)| (max.) 
55 Kilocycles 
3.50 38.0 38.0 1.00 125 38.0 88.0 1.00 
5.10 49.4 49.4 1.00 1.65 49.4 49.4 1.00 
7.00 59.2 59.2 1.00 2.00 59.2 59.2 1.00 
8.50 69.0 69.0 1.00 2.35 69.0 69.0 1.00 
9.60 75.0 76.0 1.01 2.60 76.0 76.0 1.00 
10.60 79.0 84.0 1.06 2.90 83.5 84.0 1.00 
11.30 83.0 791.0 1.09 3.10 90.5 91.0 1.00 
12.50 88.5 97.0 1.10 3.40 97.5 97.0 1.00 
13.70 94.5 106.0 n Wet 4 3.70 104.0 106.0 1.02 
R = 700 ohms ZL = 3.17 X 10-3 henrys C = 0.004 X 10-6 farads 
100 Kilocycles 
2.70 31.8 35.4 AO) 
6.50 58.0 65.0 2 ge 3 
9.0 71.5 89.0 1.26 
11.4 83.5 110.0 1.32 
13.6 93.0 127.0 1.36 
& = 2080 ohms L = 2.50 X 10-* henrys C = 0.001 X 10-8 farads 
350 Kilocycles 12.5 em. Spheres 
2.20 26.1 32.6 1,25 1.05 33.0 32.6 0.99 
3.20 35.2 50.2 1.42 1.65 49.4 50.2 1.02 
4.30 44.4 67.0 1.51 2.30 65.6 67.0 1.02 
5.85 55.0 83.5 1.52 2.90 81.0 83.5 1.03 
7.00 61.2 100.0 1.63 3.45 95.0 100.0 1.05 
8.60 69.5 117.0 1.68 4.25 113.0 117.0 1.05 
9.85 76.0 134.0 1976 eR ri| me OCD. ab SOO siete e 
R = 430 ohms I, = 0.312 X 10-3 henryy C = 0.001 X 10-5 farads 
900 Kilocycles 
1.65 9.2 14.2 1.52 0.40 14.1 14.1 1.00 
esp) 15.2 28.3 1.86 0.90 28.2 28.2 1.00 
1.80 21.6 42.3 Thatta 1.40 42.3 42.3 1.00 
2.60 29.7 56.5 1.92 1.90 55.0 56.5 1.02 
3.10 33.9 Me, 2.08 2.40 68.0 70.5 1.03 
3.60 38.9 84.7 2.18 2.90 82.0 84.5 1.03 
4.00 42.3 99.0 2.34 3.50 95.0 98.5 1.04 
Ciao SOE ete wets 3.40 100.0 106.0 1.06 
R = 400 ohms L = 0.166 X 10-3 henrys C = 0.00025 X 10-6 farads 


The above waves are single half cycles of sine waves of the frequency indicated. 
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penne 


Corona 


Taste II].—Transient Corona 
. (Single Half Sine Wave) 


Concentric Cylinders in Air 


Bar = 76 cm. t = 25 deg. C. 6=1 Outer Cyl. rad. R = 8.8 cm. 
60 ~ tests Impulse tests 
Wire = | 
aero Test Corona Sparks | single hall 
Cale. Test k over | he Ste 
Z corona, corona ties kv. f 
em. over B requency 
kv. (max.) | kv. (max.) |, A (max.) : 
ky. (max.) | kv. (max.) | kv. (max.)| 1 in 10 kilocycles 
OJ0SLS | 2258. 13.4 135.0 13.8 15.6 100.0 100 
14.7 A 0." IY oe 500 
15.1 26D Coe 900 
0.0573 20.5 20.0 110.0 21.2 23.7 100.0 100 
22.0 24.0 Sera 500 
22.6 24.0 A 900 
0.130 31.4 31.3 49.6 32.3 33 .2 103.0 100 
33.5 S40 09) axe 500 
34.2 34.8 5 900 
0.95 86.0 85.0 86.0 85.0 86.0 108.0 100 
87.0 Sty ol eee 500 
87.5 S830), Vos 900 
1.425 100.0 98.0 98.0 99.0 99.0 110.0 100 
99.0 99) Dat ae ag 500 
100.0 10U 0 Saas 900 
Bar = 76 cm. t = 25 deg. C. ae R = 3.81 cm 
0.0129 5.7 ae WT Soe bar 32.0 100 
| 9.2 68.0 500 
Dalle cncreta 2 WN ve erstexe 900 
0.0318 12.3 12.0 49.0 13.4 14.7 33.0 100 
13.5 14.7 67.5 500 
14.5 1S ee ee 900 
0.0573 LA.2 atte 40.0 17.4 18.2 35.0 100 
20.0 20.5 66 0 500 
24.0 Das ON acter 900 
0.239 33.5 aie 33.9 33.4 37.1 44.7 100 
37.0 38.9 63.7 500 
\ 37.0 103.0 900 
0.318 38.0 37.9 37.9 38.5 39.0 45.0 100 
39.5 40.0 64.0 500 
A 41.6 42.0 98.0 900 
0.635 49.0 48.1 48.1 49.0 49.7 50.0 100 
: 50.0 50.5 62.0 500 
51.6 52.0 81.0 900 
1.27 55.0 55.0 54.5 55.0 55.0 55.0 100 
56.0 56.0 57.0 500 
56.0 56.0 59.3 900 


Comparison of 60 ~ and transient corona for different sizes of wire in center of a cylinder. 
The voltage at which transient corona first appeared is given in col. A. orona appea: 


on every application for voltages given in col. B. The difference is probably for positive 
and negative wire. 
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Taste IV.—Errect or Arr Density oN TRANSIENT CoRONA AND SPARK- 
OVER 


Concentric Cylinders! 
Gee Ee eee ee ee ee 


Outer cylinder radius, R = 3.08. 


Inner cylinder, r = 0.0573 em. 


Corona Spark-over 
M ea Single 
eas. ‘a ‘ half 
60 ~ 60 ae Impulse ; a Ea es Impulse sine 
ky. ky a ratio Hae ue ratio g freq. 
max. max. | - " : kilo- 
cycles 

2.8 2.75 3.5 1,2 0.064 hate 10.7 Su 0.064 100 

4.8 4.80 5.5 1.15 0.160 7.0 13.0 1.86 0.160 100 

6.0 5.95 6.65 gots 0.248 9.3 15.5 167 0.248 100 

ee) W580 8.4 1.10 0.330 0.0: 17.5 1.59 0.330 100 
LIS 11.60 12.7 1.09 0.630 16.6 27.3 1.65 0.630 100 
14.4 14.40 15.5 1.07 0.847 20.2 30.2 1.50 0.847 100 
16.2 16.20 17.2 1.06 1.00 22.5 31.9 1.42 1.000 100 

2.6 2.58 4.0 55 0.051 avers 2300 Ae 0.040 900 

4.8 4.86 6.5 1.34 0.166 5.0 31.0 6.2 0.085 900 

6 7.60 10.1 1.32 0.333 Tad 37.0 4.94 0.173 900 

9.5 9.50 pe £28 0.465 13.3 47.0 3.54 0.440 900 
13.5 13.30 16.3 1.23 0.765 15.8 53.0 3.35 0.590 900 
16.2 16.20 20.0 1.23 1.00 18.8 60.0 3.19 0.765 900 
mares il ate tne sr iota 22.5 67.5 3.00 1.00 900 

Outer Cylinder Radius, R = 3.08 em. Inner Cylinder, r = 0.635 cm. 

7.3 CLE 8.5 1.16 0.127 1.3 8.5 1.46 0.127 100 
13.0 13.0 14.9 1.14 0.253 13.0 14.9 1.14 0.253 100 
15.0 15.3 16.6 ripe 0.309 15.0 16.6 y Dea hi 0.309 100 
17.0 16.8 18.3 1.08 0.350 a0) 18.3 1.08 0.350 100 
24.0 23.8 24.5 1.02 0.535 24.0 24.5 1.02 0.535 100 
29.0 29.0 28.9 1.00 0.702 29.0 28.9 1.00 0.702 100 
34.5 35.5 34.5 1.00 0.863 34.5 34.5 1.00 0.863 100 
39.0 40.3 40.5 1.03 1.002 39.0 40.5 1.03 1.002 100 

Outer Cylinder Itadius, R = 3.08 em. Inner Cylinder, r = 0.635 em. 

3.5 3.9 8.6 2.46 0.049 3.5. 20.3 5.80 0.049 900 

9.0 9.8 11.9 1.31 0.165 9.0 25.0 2.78 0.165 900 
14.0 14.1 17.3 123 0.280 14.0 30.5 2.18 0.280 900 
Zito 21.2 22.5 1.07 0.462 21.3 37.6 ahd 0.462 900 
26.2 26.3 28.0 1.06 0.604 26.0 43.5 1.67 0.604 900 
32.0 32.2 35.6 OL 0.773 32.0 48.5 1.52 0.773 900 
39.0 40.3 40.2 1.00 1.00 39.0 52.5 1.34 1.00 900 


1 Tests above made in a metal lined glass tube. 
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Polarity 
Taste V.—PosrtrivE AND NEGATIVE SPARK-OVER 
(Dissimilar Electrodes) 


Wire in Cylinder Jie = aye (rite 
Voltage kv. 

i Per cent. 

Spare: wire difference 
+ — 
120 57.0 57.0 0 
0.187 51.0 58.5 15 
0.0318 49.8 60.6 22 
aoe see ee ee ee ee ee 


Point and plate 


Spacing cm. for a given applied voltage when point is 


: | : 


| 


5.15 | 3.05 


Approx.—500 kilocycle wave. 


Air Films 
» Tastn VI.—TRANSIENT SPARK-OVER VOLTAGES AT SMALL SPACINGS 
(Between 6.25 cm. Diameter Spheres. 6 = 1) 


60 ~ 100 ke. impulse 900 ke. impulse 
Spark-over 

Spacing, - Gradi- Gradi- 
: em i Volts ee Volts ent Impulse Volts ent Impulse 

‘peoas =o kv. kv. per ratio kv. kv. per ratio 

ky. ky. per ae na 
em. 

0.0025} 0.50 196 0.78 | 305.0} 1.57 0.81 | 325.0 | 1.64 
0.0051} 0.73 143 1.23 | 242.0 | 1.69 L.10))|| 21609125 ie 
0.0076} 0.90 118 1.70 | 212.0; 1.80 1573), 235. ORs Os 
0.0102 107% 105 2.11 | 207.0} 1.98 2.18 | 215.0 | 2.04 
0.0127 Th aly 92 2.44 | 192.0 | 2.08 2.05 | 200,042.18 
0.025 1.52 60 4.50 | 178.0 | 2.95 5.00 | 198.0 | 3.04 
0.051 2.62 52 6.15 | 122.0 | 2.35 8.50 | 168.0 | 3.25 
0.102 4.62 46 8.75 $7.00) L590) 2380 126308 aca 
0.25 9.77 40 14.90 CLIO sel Ole e2Te 50 84.1 | 2.20 
0.51 17.50 35 22.50 46.0 | 1.28 | 28.50 56.0 | 1.63 
1.27 39.20 35 42.00 37.0 | 1.06 ; 47.00 37.0 | 1.20 
1.90 57.50 385 | 57.50 | 35.0) 1.00 | 62.50 36.0 | 1.09 
2.54 | 88.50 35 88.50 35.0] 1.00 | 90.00 30.0] 1.02 


Accuracy of impulse voltages best above 5 kv. 
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Insulators 
Tasty VII.—Errect or Ponariry on InsuLAToR SPARK-OVERS 
200 ke. 
Impulse spark-over ky. 
60 ~ spark- Impu reoveris ne 
QO ~ spar mpulse spark over ky. varying predetermined polarity, 
over ky., max. polarity, max. 
max. 
Pin type insulators Z 
(max. gradient on cap) er CoD 
98 1 spark-over in 10. 108 108 
impulses. 
10 spark-overs in 10 130 Sieue 134 
impulses. 


Taste VIII.—Errect or DirreRENT WAVE SHAPES ON Time LaqG or 
IMPULSE SPARK-OVERS OF INSULATOR (534-IN. Spacine — 10-IN. 
DIAMETER Cap AND PIN SuspENSION INSULATORS) 


| 
Length 
Complete | wave tail Average go-eecie 
Numb f eve AN time lag a spark- Impulse 
: eee Me front cent. crest ae) lover (kv. = PY 
insulator units 2 (micro- over (kv. ratio 
(micro- value ai crest) +) 
seconds) (micro- pecouds) Soest: 
seconds) 
3 1 69 5 329 297 Lett 
3 1 69 Mw) 363 297 1.24 
2 1 60 4 233 214 1.08 
3 0.5 60 5 399 297 i ays) 
3 0.5 69 2 441 297 1.49 
2 0.5 69 4.5 PHY 214 1.29 
3 0:25 20 4.7 416 297 1.40 
P) OR25 20 4.6 298 214 1.39 
3 0.25 5 4.4 457 297 1.54 
2 0725 5 4.3 316 214 1.48 
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TasLe 1X.—Errect oF SERIES RESISTANCE 
Effect of Resistance on Impulses Spark-over of Sphere Gap 


Applied impulse, ; (os eiherd capeeey, 60-cycle voltage to 
voltage to spark- Series resistance aobting kveinak, cause spark-over ky. 

over max. 

106 0 3.95 106.0 

106 2,500 3.60 98.5 

106 5,000 3.30 92 

106 10,000 2.80 80.0 

106 20 , 000 2.30 66.0 

106 30,000 2.05 59.1 


IMPULSE SPARK-OVER VOLTAGE INSULATOR IN SERIES WITH RESISTANCE 


! | 
| 


Series resistance, ohms ~ 60-cycle spark-over kv. max. | Impulse spark-over ky. max. 
} 

0 | 119.0 127.0 

5,000 119.0 190.0 
10,000 119.0 . 235 .0 

20 ,000 | 119.0 320 .0 
30,000 119.0 420.0 
50,000 119.0 600.0 
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TaBLe X.—Disruptive Srrenatu or WATER 
Impulse Disruptive Strength of Water 
2.54-cm. spheres 


eee 


Gap, centimeters PSA mee Impulse ky. max. air Ratio 
Olet | 49.5 3.5 14.1 
0.2 | 86.0 7.0 12.3 
0.3 105.5 11.0 9.6 
0.5 | 126.0 de foo) U 
Onn 13720 24.0 On 
1.0 149.0 3o).0 4.5 
1.3 159.0 42.0 3.8 
U5 165.0 | 46.0 | 3.6 

Resistance 20,000. , 

60-pEGc. Points oF 1¢-1mn. Rops 
1.00 56.5 2Z0).0 2.05 
2.00 VORAY) 35.3 745 15) 
3.09 92.0 41.0 2.20 
4.00 113.0 46.5 2.42 
5.00 134.0 S15 2.61 
6.00 156.0 ORO PAeths} 
\ 


Resistance 40,000 ohms. 
Tests made inside 6 in. (15 cm.) diameter glass sphere. Resistance 
measured at 1.0 em. setting of gap. 
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Taste XI.—SpaRK-OVER VOLTAGE OF INSULATOR AT DIFFERENT AIR 
Pressures Durina RAIN 
(See Fig. 104) 
Rain Tests (0.2 in. per Minute at 45 deg.) 


| 
Room | 1 ges dai ae Pe 6 cme 
bar. Erie panne ise (in the spark-over 
cm, pein tee sae cask) (effective) 
60-cycle Spark-over 

75.6 41.2 34.4 18.0 0.46 28 
75.6 36.0 39.6 18.0 0.53 31 
75.6 Dilieall 45.5 18.0 0.61 35 
(3.16 25.0 50.6 18.0 0.68 39 
Gono 15.6 59.0 18.0 0.79 45 
75.6 7.8 67.8 18.0 0.91 50 
(o,,16 0.0 75.6 18.0 1.02 ir 


Impulse Spark-over 200 Isilo Cycles—Single Wave (Effective Kv.) 


75.6 41.2 34.4 18.0 0.46 62 
75.6 36.0 39.6 18.0 0.53 68 
75.6 31.1 45.5 18.0 0.61 72 
75.6 25.0 50.6 18.0 0.68 17 
75.6 15.6 59.0 18.0 0.79 84 
75.6 7.8 67.8 18.0 O91 92 
75.6 0.0 | 75.6 18.0 1.02 98 


Peek, F. W., Jr., “The Effect of Altitude on the Spark-over Voltage of | 
Bushings, Leads, and Insulators.” Trans. A.J.E.E., December, 1914. 
G. HE. Rev., June, 1916. Tests made in a large wooden cask. 
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Oil 
TasLe XII.—Impuuse anp 60 ~ Break-pown VourTaGcEs IN OIL 
nl RT 


Impulse ratio 
same spacing sii 
in air 


Spacing, 60 ~ Impulse Impulse 
em. kv. max. ky. max, ratio oil 


Between Disks 2.5 em. Diameter 


0.5 | 56.6 170 3.00 Penta Approx. 230 
ke. 
Between Needles 
1.0 50.0 | 103 2.00 | 4 
2.0 69.0 | 157 2.20 | 1.20 Approx. 230 
| ke. 
3.0 89.0 233 2.C0 WS OF 
4.0 108.0 Sl 3.00 2 
2.54 Spheres—Small Spacings 
Spacing less than 4 +./R 
0.25 70.0 160 2.30 
0.50 100.0 245 2.45 Approx. 230 
ke. 
0.70 115.0 270 | 2530) 4 eee 
1.00 | 140.0 285 | 2.05 | 


TaBLE XII (Continued) —ImPuLsE AND 60 ~ BREAK-DOWN VOLTAGES IN 
Orn 


Between 2/0 Needles 
ho 


Needle 60 ~ spark- Impulse, Impulse | f 
spacing, cm. over ky. (max.) ky. ratio 

0.32 28.0 | 36.5 1.30 100 ke, 
0.64 40.0 70.0 1.75 (single 
I ear 63.0 128.5 2.04 half sine 
1.70 74.0 175.0 2.37 wave) 
2.00 81.0 

3.00 104.0 

0.20 20.0 36.0 1.80 500 ke. 
0.32 28.0 64.0 2.30 (single 
0.42 31.5 92.0 2.92 half sine 
0.56 37.0 121.5 3.29 (wave) 
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Taspie XIIJ.—ComparaTIVE STRENGTH OF O1n FoR HicH FREQUENCY, 
IMPULSE, OSCILLATORY, AND 60 CycLE VOLTAGES 


(Transil Oil Between Flat Disk Terminals, Square Edges. 2.5cm. Diameter; 
* 0.25 cm. Space) 


Break-down Gradients 


Damped oscillations 


60 cycle kv. per cm. 


Single impulse sine 
shape corresponding 


High-frequency al- 
ternator 90 kilo- 
cycles, 


train frequency 120 
per second. Fre- 


sa i oe ee quency 200 kilocycles, Peck aes 
Varo on: ¥ ky. per em. max. ~~. P . i 
170 390 200 67 


Solid Insulations 


TaBLeE XI V.—ComPpaRATIVE INSULATION STRENGTH FOR HicgH FREQUENCY 
IMPULSE, OSCILLATORY AND 60 CycLE VOLTAGES 
Temperature 30 deg. C. 


Single im- 
F pulse sine 
High frequency eo ee ee shape, cor- 
60 cycles (alternator) | responding 
90,000 cycles hae a to half 
. 200,000 cycles 
cycle of 
200,000 cy. 
ky. percm. — ky. per em. ky. per cm. lv. per em. 
(max.) (max.) (max.) (max.,) 
Rapidly Rapidly F Rapidly : 
applied Lie applied Visa a applied — 
Transil Oil Between Flat Terminals—Square Edge 
2.5 em. Diameter—0.25 cm. Space 
170 | | GT Witenes | 300 | 390 2.10 0.25 1 
Oiled Pressboard 
10 cm. Diameter Square Edge Disks in Oil 
355 310 95 72.0 370 290 720 2.3 0.25 1 
395 370 61 41.0 420 240 0.50 2 
25 17.6 1.50 3 


Varnished Cloth 
10 cm. Diameter Square Edge Disks in Oil 


530 195 | 176.0 2 
420 135 | 100.0] 550 5 
420 100 | 73.0] 490 8 

eee 2 


“Rapidly applied” voltage brought to puncture value in a few seconds. 
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5. STRENGTH OF OIL AT LARGE SPACINGS 


BETWEEN Points 


Spacing, centimeters Spark-over, kilovolts maximum 

5 127 
10 226 
20 395 
30 510 
40 610 
50 662 
60 735 
70 805 


Fiat Discs with RounpED EpGE 


Diameter, 25 cm. Radius of edges, 2.5. cm. 
5 310 
10 460 
15 650 
20 780 
25 900 


If the space between the discs is divided into ducts by press- 
board barriers, the total breakdown voltage will be increased. 
Incipient sparks will, however, start at the voltages in the 
table. It is assumed that the barriers do not occupy more than 
25 per cent. of the space. 

The above tests were made on dry oil at 60 cycles. 
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Corona AND SPARK-OVER AT VERY HiGgH VOLTAGES 


Tape I.—VisuaL Corona ON PARALLEL Brass TUBES 


60 cycles! 
(oa—— 10) 
ae Dt a a at, ea i rp eee a ee a 
Visual kilovolt efficiency 
Inches Bpacing, 
centimeters 
Calculated Observed 
Diameter 3.5 in. (8.9 em.) 
one 192 790 730 
111.5 283 876 895 
147.5 375 915 915 
183.5 466 990 990 
Diameter 1.75 in. (4.45 em.) 
om 188 490 490 
109.7 279 538 560 
145.7 370 568 600 
181.7 463 604 675 
Diameter 1.0 in. (2.54 em.) 

73 185 340 370 
109 277 364 380 
181 460 402 415 


1 Peek, ‘Tests at 1,000,000 Volts,” Elec. World, Dec. 31, 1921. 
PreK, “The Insulation of High Voltage Transmission Lines,” G. EZ. Rev., 
February, 1922. 
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Fie.’ 267.—Curves showing minimum theoretical limit of height of lightning 
rod (H,) for protecting given object of height H,, under thunder-cloud of height 
H Actual height of lightning rod should be increased in proportion to factor of 


safety desired. 
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